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B. Interaction equations expressed in terms of the transverse fields:
The beam-wave interaction equations (22) and (23) can also be expressed in terms of the

ransverse field components as follows:
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Summary

Since January of 1998 four progress reports have been submitted, and are
enclosed in this final report:

Progress Report I Jan. 1998 - July. 1998;

Progress Report II July. 1998 - Dec. 1998;

Progress Report III ~ Jan. 1999 - Jun. 1999.

Progress Report IV Aug. 1999 - Jan. 2000.

The Final Report summarizes in its first part the most recent scientific
achievements. They are documented in the listed and enclosed copies of
publications and drafts of papers. In the second part the recent academic
activities are reported, and the third part gives an outlook of planned
activities based on the work supported by this grant.




I. Publications

1. The paper by Liu Shenggang, Robert J. Barker et al. "A New Hybrid
Ion-Channel Maser Instability" has been accepted for publication in
IEEE Trans. Plasma Science after minor revisions.

o

The two-part paper by Liu Shenggang, Robert J. Barker et al. "Basic
Theoretical Formulations on Plasma Microwave Electronics" needs to

be revised. In particular some numerical calculations need to be
checked.

3. The following papers are ready for submission to scientific Journals:
A. Liu Shenggang; Robert J.Barker et al. "A New Kind of Waves
Propagating Along Magnetized Plasma Waveguide”
B. Liu Shenggang; Robert J.Barker et al. "Electromagnetic Wave
Pumped Ion-Channel Free Electron Laser".

4. The following new papers have been drafted:

A. Liu Shenggang; Robert J.Barker et al. "Dispersion Characteristics of
PASOTRON slow wave structure with ion-channel taken into
account";

B. Liu Shenggang; Robert J.Barker et al. "A New Kind of Electron
Beam-Wave Interactions in Magnetized Plasma Waveguide",

C. Liu Shenggang; Robert J.Barker et al. "Linearized Field Theory of
Electron Beam-Wave Interactions in Magnetized Plasma
Waveguide",

D. Liu Shenggang; Robert J.Barker et al. "Theoretical and Experimental
Study of PASOTRON",

E. Liu Shenggang; Robert J.Barker et al. "Theory of Ion-Channel
Formulations in Plasma by Electron Beam".

5. Revisions are made and computer calculations are carried out for the
following papers:
A. Liu Shenggang; Robert J.Barker et al. "Basic Theoretical
Formulations on Plasma Microwave Electronics", Part I and Part II;
B. Liu Shenggang; Robert J.Barker and Dennis M. Manos "Theoretical
Study of the Waveguide and Resonator for Plasma Microwave
Excited Eximer Laser",




II. Academic Activities

1.

1

The final review of the proposal on "Basic Research on Elecromagnetic
Field Effects on Biological Cell/Cells and their Applications” by Liu
Shenggang et al. in the program "Fundamental Research Project” was
held on Dec.7™ 1999. Prof. Liu was successful in obtaining a grant over
4 Million Chinese Yuan against strong competition. He plans to use this
money to establish the "International Research Lab" according to the
agreement signed by him and the Dean of College of Engineering and
technology at Old Dominion University, Dr. Swart.

Prof. Kristiansen of Texas Technical University was invited to visit
UESTC and to present several lectures.

. Mr. Bookbander, the officer in charge of literature and education at the

United States General Consulate in Chengdu, was invited to visit
UESTC and present a lecture. His lecture was very well received and
was excellent for the students, both undergraduate and graduate students. .

. Prof. Liu was atteﬁding the Sino-Hong Kong Seminar on "The Tendency

of the Development of Electronic and Information Science and
Technology in the 21. Century”, Hong Kong University, Dec. 1-3, 1999.
He was invited to present a talk on "Electromagnetic Wave Pumped Ion-
Channel Free Electron Laser”" This paper had been presented at the 24"
International Conference on IRMMW in Monterey, CA, USA,
September 1999.




II1. Preparatory Work on the 25™ Intern. Conference on IRMMW

to be held in Beijing, China, Sept.12-16, 2000. This International

Conference will be held jointly with the 2nd Pacific-Asian Conference

on Microwave and Millimeter Waves. Prof. Liu is the Conference

Chairman for these two conferences. He is in the process of:

A. trying to obtain the sponsorship by IEEE. The 2™ Pacific-Asian
Conference is sponsored by IEEE, but the 25" conference not.

B. organizing the committees for both conferences;

C. organizing the Plenary Talks and Invited Talks for both
conferences;

D. preparing the final call for papers for both conferences.

IV. Proposed Research Work for the Period from January 2000 to
December 2001

1. Almost all the material published in Russian in the Plasma Microwave
Electronics area has been collected. This material is very valuable, since it
provides information on what has been done and how it has been done in
Russia. From this literature it can be concluded that the work carried on by
Prof. Liu and coworkers on the "Electron Beam-Wave Interactions in
Magnetized Plasma Waveguide" is very important. All research done in
Russia was based on the approximation of "the external magnetic field is
infinitely high or equals to zero". Therefore the work of Prof. Liu and
coworkers is really valuable and creative; but still much work needs to be
done.

2. A number of the manuscripts written in the previous grant period should
be completed using computer calculations. In order to accelerate the
calculation work and obtain the results as soon as possible, two young
scientists who are familiar with this work, will be invited as Visiting
Scholars to join the group of Prof. Liu, here in the United States. They will
focus on computer calculations required to complete the manuscripts that
have been drafted so far.

The proposed work will broaden and deepen the knowledge in "Plasma
Microwave Electronics”, a special area of science and technology.
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Progress Report IV

Professor Liu Shenggang
Fellow IEEE

Department of Applied Science
The College of William and Mary

Since Jan.1998 I have presented three progress reports for the following
periods of time:
Progress Report I, Jan. 1998---July. 1998;
Progress Report II, July. 1998---Dec. 1998:
Progress Report III, Jan. 1999---Jun. 1999.

A final report should be presented in March 2000 as required.
Therefore, this Progress Report will be the Summary of the final report for
the time period from Jun. 1999 to Sept. 1999 only about two months. I am
very pleased that a lot of significant achievements have been obtained. In
this report I would like to include only the Academic achievements, mainly
papers. and some recent important academic activities. Others will be given
in the Final Report.

I.Papers:
A. The following papers have been submitted for publication:
(1)."Electromagnetic Characteristics of a Spherical Biological Cell”,
By Liu Shenggang; Robert J. Barker; Karl H.Schoenbach; et al.
(2)."Basic Theoretical Formulations on Plasma Microwave Electronics”,
Part A.
By Liu Shenggang; Robert J. Barker, et al.
(3)."Basic Theoretical Formulations on Plasma Microwave Electronics”,
Part B.
By Liu Shenggang; Robert J. Barker et al.
(4).”A New Hybrid Ion-Channel Maser Instability”,
By Liu Shenggang; Robert J. Barker et al.
(5).”A New Kind of Waves Propagating Along Magnetized Plasma
Waveguide”,




By Liu Shenggang; Robert J.Barker; et al.
(5).”Electromagnetic Wave Pumped Ion-channel Free Electron Laser”,
By Liu Shenggang; Robert J.Barker; et al.

B. The following papers have been presented at conferences:
(1). “Electromagnetic Characteristics of A Spherical Biological Cell”,
By Liu Shenggang; Robert J. Barker; Karl H.Schoenbach. et.al.
Accepted for presentation at 98 FEL International Conference,
Jefferson National Lab, New Port News, USA, Sept. 1998,

(2). “A New Hybrid Ion-Channel Maser Instability”,

By Liu Shenggang; Robert J. Barker, et al. presented at the 23
International Conference on IRMMW, Essex
University, UK, Sept. 1998, .

(3). “Basic Theoretical Formulations on Plasma Microwave Electronics”,

By Liu Shenggang; Robert J. Barker, et.al.

Invited talk, Presented at PERSE, Hong Kong, Feb. 1998,

Invited talk at 4th International Conference on FIRMMW, Beijing,
Aug.1998. .

(4)."Electromagnetic Wave Pumped Ion-channel Free Electron Laser”,
By Liu Shenggang; Robert J. Barker, et al.

Accepted to present at 4™ Pacific Asian FEL Conference, Korea,
Jun. 1999.

(5)."Electromagnetic Wave Pumped Ion-Channel Free Electron Laser”,
to be presented at 24" [nternational Conference on IRMMW,
Monterey, USA, Sept. 1999,

(6).” A New Kind of Waves Propagating Along Magnetized Plasma
Waveguide”,

By Liu Shenggang; Robert J. Barker; et al.
to be presented at 24" International Conference on
IRMMW, Monterey, USA, Sept. 1999,

(8). “Basic Theoretical Formulations on Plasma Microwave Electronics”
Part A and Part B, part of these papers will be involved in the Plenary
Talk, “An Examination of Plasma Microwave Electronics”, at 24"
International Conference on IRMMW, By Dr. Robert J. Barker.
Monterey, CA USA, Sept.5-10,1999.

C. Drafts of Papers:
The following drafts of papers have been worked out:
(1)."Theoretical Study on Micro-Hollow Cathode Discharge”, By Liu




Shenggang; Karl H. Schoenbach; Robert J.Barker; et al.
(2).” Theory of Wave Propagation of Plasma Filled Helix and Helical
Waveguide”, By Liu Shenggang; Robert J. Barker; et al.
(3).” Nonlinear Theory of Plasma Filled Gyromonotron”, By Liu
Shenggang; Robert J. Barker; et al.
(4)."Theory of Waveguide System for Microwave Plasma Excited
Excimer Laser”,
(5)."Theory of Waveguide Cavity for Microwave Plasma Excited
Excimer Laser”,
(6)."Theory of Electromagnetic Pumped Free Electron Laser in a
Cylindrical Waveguide”, By Liu Shenggang; Robert J. Barkert; et al.
(7)."Theoretical Study on Ion-Channel RWO-FEL”, By Liu Shenggang;
Robert J. Barker; et al.
(8)."General Theory of lon-Channel Free Electron Laser”, By Liu
Shenggang; Robert J. Barker; et al.

II. Recent Academic Activities:

The following recent academic activities are very important:

(1).Signed an Agreement with the Dean of Engineering College of ODU,
Prof. S Swart, for establishment of the International Research
Cooperative Laboratories between ODU and UESTC:

(2).Attending the First International Symposium on “Nonthermal
Medical/Biological Treatment Using Electromagnetic Fields and
lonized Gases”, held in Norfolk, US, April, 1999;

(3). Attending the 24™ International Conference on IRMMW, to be held
in Monterey, CA US, Sept.5-7, 1999,

(4), Attending the 5" Workshop on ECH Transmimtion Lines, to be held
in Monterey, CA, US, Sept.1-3, 1999,

(5). Joining the work of the K.J.Button Prize Committee (I am the
member of the committee),

(6). Joining the work of International FEL Prize Committee (I am the
member of the committee),

(7).The Preparatory Work on the 25" International Conference on
IRMMW, to be held in Beijing, P.R.China, (I am honored to be the
Conference Chairman),

(8). The work on the Application of the National Key Project of the
Fundamental Research, supported by the State Ministry of P.R.C.
We have passed the first two debat and will take the Semi-Final debat
This work if also of significant, and get the support from Dr. Robert




J.Barker, Prof . Karl H. Schoenbach and Prof. Dennis Manos. Itis a
big grant, each item will get tens million Chinese Yuan. So, the
competition is very strong, We are making efforts to apply one item
on “Fundamental Research on the Mechanism and Applications of
Electromagnetic Effects on Biological Cell/Cells™.

At the end of the report, I would like to take the opportunity to extend
my sincere appreciation to Dr. Robert J. Barker, Prof. Karl H. Schoenbach
and Prof. Dennis Manos for their kind and warm support, help and
cooperation. My sincere thanks should also be given to all the people who
give me kind help and support.
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Progress Report I1I

(Jan. 1999—1Jun. 1999 )

Professor Liu Shenggang
Fellow [EEE

Department of Applied Science
The College of William and Mary

The research work and the related activities carried on during this period of time

(Jar.1999—Jun.1999) are reported here.

1. Research and Academic Work

A. Papers

I. The following manuscripts of the papers have been finished and submitted to the
24" International Conference on IRMMW to be held in Monterey, CA, USA, Sept.
1999.

(1). Basic Theoretical Formulations of Microwave Plasma Electronics, PartA, and

Part B.
Liu, Shenggang, Robert J. Barker, etc.

(2). Theory of Electromagnetic Wave Pumped Ion-Channel Free Electron Laser.
Liu Shenggang, Robert J.Barker, Gao Hong etc.

(3). A New Kind of Waves Propagating Along Magnetized Plasma Waveguide
Liu Shenggang, Robert J. Barker, Yan Yang etc.

The first one is for an invited talk, the speaker is Dr. Robert J. Barker; and the rest

two are for contributed papers, the speaker is Liu Shenggang.

2. The manuscripts of the following papers have been submitted for publication:

(29




(1). Basic Theoretical Formulations of Microwave Plasma Electronics, Part A,
(2). Basic Theoretical Formulations of Microwave Plasma Electronics, Part B.:
(3). Electromagnetic Wave Pumped Ion-Channel Free Electron Laser,
(4). A New Kind of Waves Propagating Along magnetized Plasma waveguide,
(5). Electromagnetic Characteristics of A spherical Biological Cell.

Liu Shenggang; Robert J. Barker: Karl H. Schoenbach, etc.

All the drafts of the above papers have been carefully revised.

3. The following drafts of new papers have been worked out:

(1). Theory of Rectangular Magnetized Plasma Filled Waveguide,
Liu Shenggang; Robert J. Barker, etc

(2). Theoretical Study of Waveguide System For Microwave Plasma Excited Excimer
Laser
Liu Shenggang; Robert J. Barker; Dennis Manos etc.

(3). Theory of Electromagnetic Pumped FEL in A Cylindrical Magnetized Plasma
Waveguide, Part A.

Liu Shenggang; Robert J. Barker, etc

4. A new cooperation project, ** Microwave Plasma Excited Excimer Laser” with Prof.
Denmis Manos in CWM started. It is a very important new area, and it may create a

new area of Microwave Plasma Electronics.

5. Attending the “First International Symposium on Nonthermal Medical/Biological
Treatment Using Electromagnetic Fields and Ionized Gases*“(ElectroMed’99), April
117-14™, 1999, Norfolk, VA. [ was honored to serve as the co-chairman, the
member of Program Committee and the member of Panel. I also chaired two
sessions of the symposium.

I will also serve for the Special Issue of IEEE Trans. PL, as one of the Editors. The

Symposium was initiated by Dr. Robert J. Barker, Prof. Karl H. Schoenbach and myself.

The Symposium was very very successful indeed. Most organizing and preparatory works




were carried on by Prof. Karl H. Schoenbach and Dr. Robert J. Barker.

6. Meeting with Dr. Robert J. Barker,
Taking the opportunity of attending the symposium, I have had a very nice and efficient

meeting with Dr. Robert J. Barker in April 13th, afternoon. The following items were

discussed:
(1) Submitting papers for publication.

We agreed that since we have obtained a lot of achievements of our cooperation. a
number of papers have been finished, it is the time now to submit them for publication.
(2) Th new drafts of papers
(3) The revising work of these drafts of our new papers.

(4) The organizing work of the 25" International Conference on IRMMW to be held in
Cina in the year 2000. Iam honored to be the conference chairman, and Dr, Robert J.
Barker is the standing member of the International Committee of the conference and
also will be invited to serve as a member of program committee. So, I expect and I am
sure that I can get strong support and help from Dr. Robert J. Barker. I cordially invited
Dr. Barker to attend the-preparatory meeting to be held in Aug, 1999. Dr. Robert J.
Barker accepted the invitation with pleasure.

(5) . A new area of Microwave Plasma Electronics.

[ have transferred from ODU to CWM since last Dec. Prof. Dennis Manos invited
me to join the project of Microwave Plasma Excited Excimer Laser. I have found that
it is a very important new area with very bright perspectives. And after discussion we
agreed that the research work in this project may create a new area of Microwave
Plasma Electronics. '

(6) Since we have obtained a lot of achievements, and we will get more. I would like

to suggest that it is natural, on the basis of our work, to write a book (Monograph

book). We will discuss this in more detail later




IL. Organizing and Preparatory work on 25™ International Conference on
IRMMW

The 25" International Conference on [RMMW, together with the 5™ International
Conference on FIRMMW will be held in China in the year 2000, and will be followed by
the Asian-Pacific MMW Conference. Iam honored to be the conference chairman of all
these conferences. Soitis a very hard job. A preparatory committee has been organized
and we have had meeting twice. The third meeting will be held in May. A lot of

preparatory work has been carried out.

(1).  Successfully getting the universities in Hong Kong to be involved in. In March, I
was invited to pay a visit to Hong Kong, I met the President and vice president of the City
University of Hong Kong and the Head of the Department of ECE of Hong Kong
University. Iam very pleased that all of them give me very strong support and are

willing to be involved in the preparatory work of the conference.

(2).  Tlalso get the strong support from the CIE (Chinese Institute of Electronics, I am

the vice president of CIE). Most administrative preparatory work will be carried on by

CIE.

(3).  The change of the conference location.

Because the Southeast University is going to hold another International
Conference, the president of the university does not want to hold the 25" IRMMW
conference. After detailed discussion, a preliminary decision has been made that the 25"
IRMMW, together with the 5" FIRMMW conference will be held in Beijing. The final

decision will be made at the committee meeting in May.

(4).  Next we should start the organization of committees of the conferences.




In all these works, I expect and I am sure that I will get very strong support and help
from Dr. Robert J. Barker. I will do my best to make the conference a real successful

one.
III.  Seminar at Old Dominion University

I have prepared three topics for the seminar that I am required to give at ODU:

(1).Brief Introduction to UESTC, |

(2). Research Activities in the Research Institute of High Energy Electronics,
UESTC.

(3). Higher Education in China.

It seems that the last one is most interesting for ODU. I presented the seminar at
ODU, March 26™ afternoon. Totally, there were more than 80 audience, graduate
students and some faculty members. There were a number of audience asking questions

after my talk. It seems that the seminar was very successful.

V. Work on the Second Application of the “Key National Project on Basioc

Research of Science and Technology”

Last year I organized a team to apply the project on * Basic Research on
Electromagnetic Fields/Waves Effects on Biological Cell/Cells and Their Applications”.
Unfortunately. we did not succeed. This year we decided to try again with strong
confidence. Dr. Robert J. Barker and Prof. Karl H. Schoenbach and Prof. Denis Manos
give us very strong support. And I am very pleased to say that the “First Symposium on
Nonthermal Medical/Biological Treatment Using Electromagnetic Field and Ionized
Gases™ may bring very strong influences on our application. Besides, I have reorganized
our team. and make it stronger. However, the competition is also very very strong!

It seems that I always have very heavy load. I will do my best.
At the end of the report, I would like to extend my sincere appreciation to Dr.

Robert J. Barker. Prof. Karl H. Schoenbach and Prof. Denis Manos for their kind and




warm support, help and cooperation. My sincere thanks should also be given to all the

people who give us kind help and support. I and my wife, Mrs. Jiang Chenqi, are really

enjoyed very much indeed the work and staying here in USA.
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Progress Report II
(July 1998—December 1998 )

Professor Liu Shenggang
Fellow [EEE

Department of Electric and computer Engineering
Old Dominion University (ODU)

A lot of significant achievement have been obtained during this period of time.
The research work and related activities done during the time period of July 1998 through

December 1998 are reported in the report.

I. Academic work

A. Papers

1. The following papers have been revised:

(1). Basic theoretical formulations of microwave plasma electronics, Part A,

(2). Basic theoretical formulations of microwave plasma electronics, Part B,

The onginal four-part paper has been revised into two-part paper. Now it becomes the
final draft of a new two-part paper.

(3). A new hybrid ion-channel maser instability,

The final draft of the paper.

(4). Basic Theory of Micro-hollow Cathode Discharge,

Start the numerical calculations.

2. Drafts of new papers:

(4). A new kind of waves in a waveguide filled with magnetized plasma. The draft for
final revising.

(5). Wave propagation along a plasma helix and a helical waveguide filled with

plasma(first draft).

[}




(6). Nonlinear theory of Gyromonotron filled with plasma(first draft).

(7). Theory of Electromagnetic wave pumped Free E]ectroh Laser(first draft).

All the above works are carried on in cooperation with Dr. Robert J. Barker.

B. Meeting and Discussion with Dr. Robert J. Barker.

Taking the opportunity of Dr. R.J.Barker&rsquos visit to ODU, we have two time
meeting and discussion on our scientific cooperation, to revise our papers. to exchange
our new ideas on our field and to discuss the drafts of our new drafts. It is very |
productive. I enjoyed very much all these meetings and discussions.

C. Preparatory work on thelst International Symposium on NONTHERMAL
MEDICAL/BIOLOGICAL TREATMENTS USING ELECTROMAGNETIC FIELDS
AND IONIZED GASES ( co-chairman),

1. Join the preparatory work directed by Prof. Karl H. Schoenbach and Dr. Robert J.
Barker.

2. Organizing papers and attendees from China.

3. Guest Editor for microwave effects

D. Preparatory work on the “25th International Conference on IRMM

Waves” to be held in China in the year 2000. I am honored to be the conference
chairman.

1. Organizing the committees,

2. Discussion with Chinese colleagues about the location of the conference,

3. Discussion with the scientists in all over the world on the nomination of plenary talks
and invited talks,

4. Others.

I will do my best to make this conference a successful and fruitful one.

11. Organizing and heading the joint delegation of UESTC and TCL to visit USA.
UESTC (University of Electronic Science and Technology of China) is one of the key
universities in China and TCL Holdings Co., Ltd. is the third largest company in

electronic industry in China. We have invited to visit three universities (Stanford, ODU




and New York Polytech), one National lab(Jefferson Lab) and 11 companies(Intel,
Cardence, Synopsis, Laucent etc). This visit was very successful, it greatly promote the
metual understanding and friendship between China and US. As a results, I have signed
an agreement with the president of ODU, Prof. Koch, and an agreement with the New

York Polytech Univ. has also prepared and will be signed soon.

II1. Lectures to be given at Old Dominion University

Three lectures have been prepared for giving at ODU:

I. The research Activities in the Research Institute of High Energy Electronics in
UESTC.

2. Introduction to the Higher Education Structure in China,

3. Introduction to the UESTC.

IV. Transfer from Old Dominion University to College of William & Merry
I'have very smoothly transferred from the Old Dominion University to the College of
William & Mary. Both the ODU and CWM are warmly welcome me and very kind and

frnend to me.

V. The consultant work on the Millimeter Wave systems for Old Dominion
University
The lab of Prof. Karl H. Schoenbach of ODU wants to establish MM wave systems for

research work, I have given consultant.

V1. Work on the application of the Fundamental Research Project of China on
&ldquo Basic Research on the Effects of Electromagnetic Field on Bilogical
Ceil/Cells&rdquo.

1. Organizing the application team, 5 institutions are involved: University of Electronic
Science and Technology of China; Research Institute of Electronics of Chinese Academy
of Sciences(CAS); Research Institute of Biophysics of CAS; Southwest China Medical

University; Sichuan Agriculture University and Fudan University.




2. Preparatory meeting.

I have organized four meetings to discuss the draft of our report.

3. Drafting the application report.

A 80 pages report (in Chinese) has been worked out and has been put forward to the State
Ministry of Science and Technology (SMST) .

According to the project, there are 40 items, and 15 of them have been determined last
vear. Unfortunately we failed. Now we are going to try again. I have visited the
authority of State Ministry of Science and Technology, he promised to give us support.
Since the grant is very big (60 Million Yuan per item), the competition is very strong.
During the procedure of our application, I got very strong support and encourage from Dr.
Robert J. Barker and Prof. Karl H. Schoenbach. It seems that their supports are very

important and effective.

Appendix:

I. The abstracts of papers( here the abstracts of the final drafts are given):

1. Basic theoretical formulations of microwave electronics, Part A,

tJ

_Basic theoretical formulations of microwave electronics, Part B,
. A new hybrid ion-channel maser instability,

3
4. A new kind of waves in magnetized plasma waveguide.

I1. Cooperative Agreement between University of Electronic Science and

Technology of China and Old Dominion University
I11. The consultant material of MM Wave systems for Old Dominion University
Appendix 1.1

Basic theoretical formulations of plasma microwave electronics

Part A. General theoretical formulations of electron beam-wave




Interactions in magnetized plasma waveguide
Liu Shenggang, Fellow [EEE; R.J.Barker , Fellow IEEE et. al.

Abstract. Basic theoretical formulations for electron beam-wave interactions in a plasma-
filled waveguide immersed in a finite magnetic field are presented in this two-part paper.
The general interaction and dispersion equations of the longitudinal and transverse
interactions in both ammoth and corrugated magnetized plasma-filled waveguides are
formulated. The resultant equation are then applied to examine the specifics of plasma
Cherenkov radiation, plasma-filled travelling-wave-tube/backward-wave-oscillator
(TWT/BWO), the plasma-filled electron cyclotron resonance maser (ECRM) and many
types of beam-wave interactions including those involving ion-channels. Some possible
new .interactions in magnetized plasma filled waveguide that do not appear in previously
published papers are proposed. A detailed discussion and analysis of the physics of the
important role of plasma background are given. It is pointed out that in a magnetized
plasma-filled waveguide, there are many interesting features of beam-wave interactions,
two of them being most essential, one is that the transverse interactions are always
accompanied by the longitudinal interactions. The other is that the magnetized plasma
itself 1s strongly involved in the interaction mechanisms via an additional component of
field. The paper consists of two parts. Part A presents general theoretical formulations of
electron beam-wave interactions in magnetized plasma waveguide using only a fluid
model for both the plasma and beam. Part B extends the analysis of the interaction by
retaining a fluid treatment for the plasma-fill but substituting a kinetic theory treatment
for the electron beam. It continues further to include a detailed treatment of the physical
effects of the ion-channel that is formed in the plasma by an intense electron beam. In
both parts of the paper, sample numerical calculations are presented in order to illustrate

the physics.

Appendix 1.2




Basic Theoretical Formulations of Microwave Plasma Electronics
Part B. Kinetic Theory of Electron Beam-Wave Interactions in a

Magnetized Plasma Waveguide

Liu Shenggang, Fellow IEEE; R.J.Barker , Fellow IEEE.et. al. .

Abstract. Based on the theory given in Part A of this paper, the kinetic theory of
Electron Beam-Wave interactions in a magnetized plasma-filled waveguide is presented
in this part. The dispersion equations of longitudinal and transverse interactions, both in
smooth and corrugated waveguides, are derived by using kinetic theory, including the
kinetic theory of plasma filled electron cyclotron resonance master (ECRM), a Cherenkov
device and a TWT, BWO etc., a combination of Cherenkov-Cyclotron resonance are
discussed. It is interesting to note that in a magnetized plasma waveguide, the
transverse interaction (ECRM, for example) is always coupled with a longitudinal

interaction.
Appendix 1.3
A New Hybrid Ion-Channel Maser Instability
Liu Shenggang, Fellow [EEE; R.J.Barker , Fellow [EEE et. al.
Abstract. A new hybrid maser instability hﬁs been found for the case of electron beam-
wave interaction in a plasma-filled waveguide with ion-channel taken into account for

Bo=0. A complete linear formulation and numerical calculations are presented. Some

important and  interesting features of this new hybrid instability are indicated.

Appendix 1.4




A New Kind of Waves in Magnetized Plasma Waveguide
Liu Shenggang, Fellow IEEE; R.J.Barker , Fellow IEEE.et. al.

I.  Abstract. A new kind of waves that can propagate along magnetized plasma
waveguide has been found in the paper. This new kind of waves did not appear in
published papers. It is indicated in the paper that this new kind of waves has very
special characteristics: it contains a quasi-static field components and it exists in a

sets of discrete freQuencies. Both analytical theory and numerical calculations
approve the existence of this kind of waves. The importance of this new kind of

waves in both physics and mathematics is indicated in the paper.
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Progress Report
(Jan. 1998—July 1998 )

Professor Liu Shenggang

Department of Electric and computer Engineering
Old Dominion University (ODU)

I'have arrived at ODU on Jan. 21* 1998. I met Prof. K.H.Schoenbach immediately and
discussed with him my research work at ODU. The three directions along which my
research work has proceeded are:

L Plasma Microwave Electronics

II. Microhollow Cathode Discharge

II. Electromagnetic Field Effect on Biological Cell/cells
IV. References

[n the period which is covered by this report wide range of topics has been addressed.
Some ot the many achievements are very important. The work done during that period
of time can be described as follows.

1. Plasma Microwave Electronics

The following achievements have been obtained:

a. A four-part paper “Basic Theoretical Formulations of Plasma Microwave
Electronics™ has been finished:

Part I “General Theoretical Formulations of Electron Beam-Wave Interactions in
Magnetized Plasma Waveguide”

Part II. “Kinetic Theory of Electron Beam-Wave Interactions in Magnetized
Plasma Waveguide™

Part . “Theoretical Study on Electron Beam-Wave Interactions in Magnetized
Plasma Waveguide with Jon-Channel Taken into Account”

Part IV. *Numerical Calculations”
It is a very important paper. In fact it consists of four papers. This is an
invited keynote paper at the GA of APFA’98 and APPTC’98 (The First
General Assembly of Assian Plasma and Fusion Association joint with the
Third Asian Pacific Plasma Theory Conference), Sept. 21-25, 1998,

9



Beijing. This paper was also invited to be presented at other two Int.
Conferences, but I was not uble to attend.

b. A paper * A New Hybrid Ion-Channel Maser Instability” has been finished. This
paper was presented at the 23" International conference on Infrared and Millimeter
Waves held in UK, Essex University, Sept. 7-12, 1998.

In this paper a new interaction mechanism has been proposed and studied.

Any one of these papers has been considered an important contribution to the ficld ot
research by the audience.

C. Preparatory work on the 25" International Conference to be held in the year 2000,
where [ am honored to be the conference chairman. A report has been made by me
at the International Committee of the 23" Int. Conf. held in the UK.

1. Microhollow Cathode Discharge

a.- Collected and read a large number of materials on the “Microhollow Cathode
Discharge™ and its applications. It provides a good background for further study.

b. The draft of a paper “Theoretical Study on Micro-Hollow Cathode Discharge™ has
been prepared. The analytical theory has been finished.

[II.  Electromagnetic Field Effects on Biological Cell/Cells

a. Collected and read a large number of materials; it provides a good background for
further study

b. A paper on * Electromagnetic Properties of Sphencal Biological Cell”
has been drafted and was accepted by the 20" FEL International Conference held at
Thomson Jefferson National Lab, Williamsburg, Sept. 17-22,1998.

c. Joint the preparatory work for the “First International Symposium on Nonthermal
Medical/Biological Treatments Using Electromagnetic Fields and Ionized Gases”,
including attending the preparatory meeting and drafting some materials, organized
by Prof. Schoenbach, and Dr. Barker. I will be the Co-Chair of the Symposium.

During this period of time, Dr. Robert J. Barker, Prof. Karl H. Schoenbach, take very
good care of me. I got very strong support from the University, the president, the
department heads, and the Dean of the College of Engineering. The International Office
has done a lot for me. I would like to take the opportunity to extend my sincere
appreciation to all of them. I really enjoy my stay here together with my wife, Mrs.
Chenqi Jiang.




I'am sure that, based on the already obtained achievements, my research work in the
remaining time will be very successful and fruitful. And my visit and stay here will
certainly and greatly promote the scientific exchange and the friendship between China
and US, in particular, between ODU and my university UESTC.

IV. References

1. Basic Theoretical Formulations of Microwave Plasma Electronics

Part I: General Theoretical Formulations of Electron Beam-Wave Interaction
In Magnetized Waveguide; Liu Shenggang™, Senior Member, IEEE. R. J.
Barker  Fellow, IEEE, Zhu Dajun”", and Yan Yang~

Part I : Kinetic Theory of Electron Beam-Wave Interaction in Magnetized
Waveguide; Liu Shenggang, Senior Menber, IEEE, R.J. Barker, Fellow,
[EEE, Zhu Dajun, and Yan Yang

Part lII. Theoretical Study on Electron Beam-Wave Interaction in Magnetized
Waveguide with the Ion-Channel Taken into Account; Liu Shenggang,
R. J. Barker, Yan Yang , Zhu Dajun and Deng Jimdong

Part IV. Numerical Calculations; Liu Shenggang, R.J. Barker, Yan Yang, Zhu
Dajun and Gao Hong .

Presented at the GA of APFA’98 & APPTC’98, as an invited keynote talk. Sept. 21-

25, 1998, Beijing, China.

The paper was invited to be presented at other Int. Conf. but I and othe authers were
not able to attend.
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. A New Hybrid Ion-Channel Maser Instabilty; Liu Shenggang, R.J. Barker, Gao
Hong. Zhu Dajun and Yan Yang. Presented at the 23™ International conference on
IRMMW,_ Sept. 7-12, 1998, UK, Essex Univ.

3. Electromagnetic Properties of A Spherical biological Cell; Liu Shenggang,
R.J.Barker, and Yu Guofen. Accepted for presentation at 20" FEL International

Conference., Aug. 17-22, 1998, Thomas Jefferson National Lab, Williamsburg, USA. (I
was not able to attend)

Liu Shenggang. Zhu Dajun.Guo Hong. Deng Jingdong , Yu Guofen and Yan Yang are with theUniversity
of Electronic Science and Technology of China, Chengdu 610054, Sichuan, Peoples Republic Of China.
Liu Shenggang is on sabbatical leave at ODU.

R.J. Barker is with the U. S. Air Force Office of Scientific Research, Washington, DC, USA.
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Basic Theoretical Formulations of

Plasma Microwave Electronics® Subrnd 7‘”‘

Ibu‘(l‘&“’;” m

Part I: A Fluid Model Analysis of EEE Trans. o plasma
Electron Beam-Wave Interactions Serence.

Liu Shenggang™, Feliow, IEEE, Robert J. Barker™, Fellow, IEEE,
Zhu Dajun”, Yan Yang™, and Gao Hong™

Key Words: plasma microwave electronics, BWO, gyrotron, plasma-fill, fluid mode]
Abstraci-- Basic theoretical formulations for electron beam-wave interactions in 2 plasma-
filled waveguide immersed in a finite magnetic field are presented in this two-part paper. The

general interaction and dispersion equations of the longitudinal and transverse interactions in

both smooth and corrugated magnetized plasma-filled waveguides are formulated. These are
then applied to examine plasma Cherenkov radiation, the plasma-filled travelling-wave-
tube’backward-wave-oscillator (TWT/BWO), the plasma-filled electron cyclotron resonance
maser (ECRM) and other beam-wave interactions including those involving ion-channels. Some
possible new interactions in a magnetized plasma-filled waveguide (MPW) are proposed. A
detailed discussion and analysis of the important pbysical role of the plasma background are
civen. Many interesting features of beam-wave interactions in an MPwW (mngngtizcd plasma-

thiee
filled waveguide) are pointed out, two' of them being most essential. One js that transverse

J'G‘r.o-w(
interactions are always accompanied by longitudinal interactions, The other is that the

magnetized plasma itself is strongly involved in the interaction mechanisms via an additional

component of the field. This paper consists of two parts. Part | presents general theorctical
“leo 'a t aur R ;{'f_,,(' Ny l.lpx-h«. {\ ffed F‘K"L"I,().J A (\/)O(‘:&. at '{‘J”/ CUJ«'\T“;»‘ Z)LV"*D--,:-

" Thus paper was presented i part at the 21st Int. Conf. on IR/MM Waves, Berlin, Germany, 1996, and also at the 22nd Int.
Conf on IRMM Waves, Wintergreen. Virginia, USA, 1997,

This work was supponed in part by the Chinese National Science Foundation under Nationa) Key Project No. 69493500
and by the U.S. Air Force Research Laboratory under its Fellow Research Program.

** Umiversnty of Electronic Science and Technology of China, Chengdu 610054, P. R. China.

*** U.S. Arr Force Office of Scicnufic Research, Arlington, VA USA.




channel that i is formed in the plasma by an intense electron beam. Part [T extends the analyses

the electron beam. In both parts of the paper, sample numerical calculations are presented in

Ve o) Lobedh ot T Sl yipofoar
order to illustrate the physics, 7/ 7/‘Q"d pees el e Jat L
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L. Introductlon ~ Mlcew g Slechioiicy,

The goal of Microwave Electronics is to create improved microwave devices that provide
higher output power with higher efficiency. There have been great achievements in this area in recent
vears. Gigawatt output power Jevels have been reached in pulsed relativistic microwave devices [1],
2] and megawatts in continuous (CW) operation (e.g. - using a gyrotron) [3], [4). Further
enhancement of output power and efficiency now faces some fundamental limits. Ope of the most
imporiant limits is the space charge effect due to mutual repulsion of the electrons that limits the
maximum current density due to the beam "blow-up" instability [5].

Space charge also causes the potential at the center of the electron beam to be Jower than that
on z'n;: outer surface of the beam. This effect may thus also cause the defocusing of the beam, degrading
the beam quality. For particularly intense beams and/or long beam paths this can even cause the beam
to stnke the surface of the vacuum envelope, decreasing the beam transmission. These and olhcr-
effects of space charge seriously perturb beam-wave interactions and degrade the performance and
behaviour of microwave devices.

The most promising approach for increasing the net beam current density is by introducing a

background plasma fill. By this means, the beam Space charge can be fully or partially neutralized.




The maximum current limit of the beam is then determined by the Pierce instability [5). Plasma space
charge neutralization may thus provide more than a five-fold increase of the beam current.

It has already been shown that a plasma fill can dramatically enhance the output power and
efficiency of some microwave devices, such as the relativistic BWO and plasma Cherenkov radiation
devices [6]-[10). Plasma filling has even been attempted in Free Electron Lasers (FELs) [11}-[13).
Even more intriguing, plasma filling has permitted the development of some entirely new plasma-
based microwave devicés (e.g., the PASOTRON [14] and the Plasma Wave Tube [15]) that eliminate
the need for an axial magnetic field.

These studies also show that a plasma fill has some fundamental effects on beam-wave
interactions.  When an electron beam is Injected into a plasrﬁa, an ion-chaﬁnel 1s formed which
improves beam transmission. This is the so-called “channelling effect” of plasma that improves beam
quality. The plasma may also provide a focusing force on electrons to reduce transverse diffusion in
the beam, further improving beam quality [14]. The resultant ion-channel gives rise to its own beam-
wave interactions [16]-[18]. Those as well as a new combined instability mechanism are presented and
aralysed in Section VI of this paper. Computer calculations are also presented for both longitudinal
and transverse interactions. These calculations show many interesting characteristics of beam-wave
interactions for the case of a plasma fill.

The study of beam-wave interactions in the presence of a plasma fill has formed 2 new field of
science and technology, namely Plasma Microwave Electronics (PME). Almost two dccades ago in-
1981, L. S. Bogdankevich and his colleagues published a paper entitled “Plasma Microwave
Electronics™ [8]. Later, in 1992, M. V. Kuzelev et al and Y. Carmel et al. both presented papers on
“Relauvistic Plasma Microwave Electronics” [9]. These papers give good reviews of the main work
and achievements obtained at that time. Although a large number of additional papers have been

published more recently, there still remains much work to be done. The fundamental influences of a
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plasma fill on beam-wave interactions are not yet completely understood. For example, a magnetiz:

plasma fill couples the TE and TM modes in waveguides and resonators. But this 1mponam fact

AN

ignored in almost al] published papers to-date. Beam- -wave-interactions-are still treated- by-using T

modes or TM modes-separately.

- —
>

T, W —
i _The presence of the plasma, in particular when there is a magnetic nc}d causes importar
changes 1o the wave and wave ficlds in the uavcgmde or resonalor. _The TE and TM mode

00cs 4

—_—

coup]ed they cannot exist mdepcndeml JThxs couplmg generates the hybrid HE and EH modes [19

\~< ———

| -

| —e

* [20]. The magnetized plasma fill enables varieties of propagating waves which could not exist in the

\ | 4

| acuum case or even in the case of a plasma fill without a magr?ft_i_c field [21],'/’11 will also be showr

later in this paper (Section IT) that magnetized-plasma-even produces—some additional components o:

the wave fi eld,‘"completelychanging-{he ﬁeld—pa{tem.—Thes&faclors-signiﬁcam]yinﬂuence beam-wave
wteractions  fhe plasma itself js intimately involved in the interactions, making them much more

complicated and rich.

The clear importance of space-charge effects leads one 10 also consider introducing plasma into
gyrotrons 1o increase their output power. To the best of the authors® knowledge, there are only a few
papers published on plasma-filled gyrotrons. Reference [22] tred 1o explain the output power
enhancement of a plasma-filled relativistic backward wave oscillator (BWO) through a combination of
Cherenkov radiation and the electron cyclotron resonance instability. It will be shown later in this

paper that actual electron beam-wave interactions in an MPW, when the ECRM is taken Into account,

are much more complicated.

o - D T T c—_

T —
/ The detailed analyses presented in this two-part paper vastly expands upon and generaliscs

upon the authors’ previous work in this field [20) which only examined w ave propagalion in an MPW

—_————— o

in the absence of an clcclron-beam.g This paper goes on 10 demonstrate four major physics issues

——

inherent in PME devices. First, a magnetized plasma fill strongly changes the behavior of wave
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propagation in a waveguide. Specifically, the TE and TM modes can.no-longer exist. independently;

(28] ‘U{\
they- are replaced by the EH and HE hybrid modes.. 'Alsﬂfm%rﬁp two eigenvalues and 1wo

corresponding eigenfunctions instead of only the one that exists for the vacuum case or for the cases

where the applied axial magnetic field, B, goes to zero or inﬁnity.”’i‘hcrcfore we have: ' C k
T EsALGRI“AL(R) (h
H,=A DI (0 R)y+ A NI (p.R) (2)

where the wave factor exp {j(wt - k,z-m@)} is neglected, and the two eigenvalues, p, and p,, are

given by:

1 2 2 2 2
pl, = ;[—k;(a, -H:z)+k‘(s,sJ +e; _8;)]i3?
2e, 2,
I (3)
{[—ki(s, —s,)+k2(s,s, -¢! +€)] +4k3k§s§sj}z
(—ki "'kzel)ez —E,p,z‘z :
12 = ) (4 i
Jou ke, 1’
|
I the waveguide is completely filled with plasma, we have: '
\ A i=1
\ 4,=5 J.(r.R) (ﬁ)/

Therefore, the field pattern, the cut-off frequency (thus the wave number) and the dispersion .~

reiations are all changed. [It is clear that formulations based on the TE mode or TM mode aione (e.g. - ,'

——
,‘-3 ;) are msufficient for rigorously dealing with the full contribution of a mazncuzcd plasma fill. j

e
U e —— et e ———
—_——— - -

The second major PME physics 1ssue is that the magnetized plasma background strongly
changes not only the behavior of wave propagation but also the character of the beam-wave
interactions. Since the TEand-TM-modes are-always coupled ~E, and E, always exist simultaneously.

If the electron beam has both longitudinal and transverse components of motion, it is inherent that the




longitudinal (J,~E,) and the transverse (J.-E,) interactions in the waveguide are always present

together. (This implies that Cherenkov type and TWT/BWO type interactions are always accompanied !

Lby ECRM and/or gyro- peniotron 1 type interactions. ;‘/_J

The third major PME physics issue is that the magnetized background plasma itself s deeply

—

involved in the beam-wave interactions. Moreover since there are varieties of waves that can

propagate along an MPW, clearly there must be coupling between the waves through the electron

beam. This coupling (e.g.- parametric coupling) may lead to instabilities. This kind of instability has

| 1 - . T =
been studied in [24], however it was there again based on]y on the TM mode | without taking into
0%

demm e - - - —

-~ T T e e

. consideration the fact that the TM and TE modes are always coupled together.

!
~—~

Finally, the fourth major PME physics issue involves the dispersion relations for plasma-filled

svstems. The dispersion characteristics of Wwave propagation in a circular cylindrical MPW is shown in
Fig.A-1 of Appendix A. This figure shows that there are at least three kinds of waves that can

propagate through the waveguide: plasma waves (the Trivelpiece-Gould or T-G modes, in the
frequency range S w,); cyclotron waves (in the range Max(cop,coc)Sw Sw,); and waveguide

waves (0 >, ). All these waves are electromagnetic waves; all of them can interact with the electron

beam. 4

o
~

T TTIiis VEry interesting to note that in an MPW some of the cyclotron waves in the frequency \

o

/s i
/ ,f'/rangc: (0, <w<w, or W, <O <w, ) are natural backward waves (negative dispersion). These waves

) .i (
\can directly interact with the elcctron beam since their phase velocity may be less than the speed of J

hight In particular, we can even use these backward waves to construct 2 BWO (backward wave

r .
Magnetized plasma filling, therefore, makes beam-wave

scillator) without a periodic structure.

interactions both more complicated and richer.
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Lor
- — " Inthis section,/\@ations for the electromagnetic field components in a magnetized plasma, in

+

' form the HE and EH hybrid modes. Thus the fiel

Following this introduction, the field equations for an MPW are given in Section II. Section III
deals with the general interaction equations for both longitudinal and transverse beam-wave
interactions in such a waveguide. The interactions in a perniodic system (corrugated MPW) are
discussed in section IV. Dispersion equations for both the smooth and corrugated plasma wavcguides
are given in Section V. Section V' deals with beam-wave interactions with the jon-channel taken
account, with sample numerical calculation given in Section VII. Some new interactions that may

Comc by
. . . . . . . . N . .
occur in these systems are given in Section VIII. Detailed discussion and“amalysis are given in Section

e g ~

- f——— L - . e /f“
IX. Section Xrconcludes with a summary of the major points.) Some detailed derivations arc viven in
>echion Arconciudes with a > g

several appendices at the end of this paper.

[I. Field Equations in an MPW
h ok L lomsmine 0 byitd Te Ve L ‘—-’(_é//

both uniform and corrugated waveguides will be given At isswell-known [1], (3]-[5] that inap nrz¢
//

pr-—

fiiled waveguide immersed in a finite axial magnetic field the TM and TE modes are always coupled 10/

d expressions are compMTo simplify the later

—

mathematical manipulations and, in particular, to obviate the influence of the plasma background on

the beam-wave interactions, the field components can be split into four parts. The field components
produced by the H, field are defined as the “TE-like” part, while the components produced by E, are
defined as the “TM-like™ part. The two additional field parts are associated with the response of the
plasma background and are thus defined as the “plasma-produced TE-like™ part and the “plasma
produced”™ TM-like part.

According to the fluid model, magnetized plasma can be described by the following

permittivity tensor:




£= —Jj&;, € 0 (6)
0 0 &
where:
r? 2
T 5
g =l-—— . s,:—é T €, =1-L" (7)
-1 -1
. @ ®
=+ T=— (S)
0 )
1
ne \? eB,
a)P = , O‘)cz_— (9)
)7105'U mo

, 1s the electron plasma frequency of the background plasma, and @, is the electron cvclotron
frequency. Collision effects are neglected.

The field components can then be expressed as follows (See Appendix A for details): -

E: = Z ‘41 Jlm'

' (1=1,2) (10)
H: = Z ‘4:}7:‘/:":

Ey=E, +E,, +Ep, + Egy,

E,=E,+E, +E,,+E,,,

HR=HR,+HR2+HR,P+HRZP (1)
H, = A, +H,, +Hw|p +Ha2p

The subscripts “1™ and “2" denote the “TE.ljke" and “TM-like"” pan, respectively, and “/p” and “2p”

denote the “plasma-produced TE-like” and “plasma-produced TM-like" part, respectively. , From~

..

T — —————e

Appendix A, we-get: : 7l form Ll ool 7@,11 c(...,/m’_/_‘ Can
!
S o
- 8 -




/ |
/ — Ai 2 m — \
// Em = ZB /Johl»K EJ"" Mtove 3, \
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E, , =_ZB,JA /\g-—Jm’
A .
; E, = ZB‘ja)yoh,sz,Jmi
A ,
E, = ZE’I\-__K' “y
/ A (13)
1". Ealp = ZT)"_/Q)‘UOILA': ﬂ‘]ml ( !
,! 1
/ A . :
/ E,, = Z—D—’k:k; .. i
' |
Awu ,
B, = ZTO_(_jA,h,K p,Jm,)
A ,
an = Z_’Bli&(—a)gofll{' %J"”j
A . (14)
By, = Z—‘[‘;—"(—jk:}z,k; %Jw)
Awu N .
BR’P = Z‘*Do—(—wgo){:: (k:.p:‘jml - k: ZJ””)
' 1
Bvl = Z Ago k:h‘Kﬂ Z‘]lm
A wu R
B, = Z '[')0 (_/a).,oa‘,/\"p,./m)
Awu (13)
BO’P =Z ‘Dok hIALpAJMI
A )
B":P = —'&jweogz(l{;pl‘jm: }\ ﬂJﬂ”)

|
where J, =J (p,R), J. = J.(p,R) and the wave factor, exp{ja)l—jk__:-jmgp} has been ,
g .

\’ neglected. Other parameters are defined in Appendix A, (A-7).

-




T e e - —

For the corrugated waveguide, the fields are expanded into spatial harmonics to obtain:

E Z‘S_‘E ej{u-k:.‘:-mw}

. 16
H =Y H. R (10)
and similarly for the E,, E., B, and B. components; where:.
27s
kz.s=kz+_— (S=O, 1], 2, ) (17)
P
We can then get all the field components (Eg, ., E,., Exips Exapss Eoryr Enn Eopo By By By,

SO dye=din A

Brins Bripsr Bersy B..,, B. s and B.,, )”b;:m&’lis_o -fep zEng(-. Lo -pr-and -Jnﬂ,-.l%rw
——”_//—,~~ — {
K psandl,,, A respectively, where J =] (me) and J = J'm(puR) and:

m mi.§

A 1=1

ST By A N

28, 25)
1 (19)
) 21])2 3,09 5 b
{[_k:.s(ss _81)+ k'(E,ES - 812 + 8')] +4k'k;5858]}.
-kI +k’e e, —g,p?
; h” =( 2. : l) 3 lpLs (20)
! . Jmuokz.sCZ
\\—— —

Note that all the plasma-produced field parts are proportional to k; = k’¢,, Therefore, when the
T TTTT—— -~ .
(Jsen /-J/-;\»—'l‘\' ) )

plasma is absent, or the magnetic field By—0 or By— oz, we have €-=0 and these ficld parts \':mish.‘ For ~*

s _— . . - o/
“the vacuum case ( €,=0, g,=¢;=1 ) we have independent TE and TM modes, and he TE-Tike and TM-

H
1 4

“\Iike fields automatically become the fields of the TE and TM modcs, respectively. I

—— e

_—_— . i N




III. General Equations Governing Electron Beam-way
Walled MPW

Maxwell’s equations can be written as:

From (21)

components; the other in terms of the transverse field components.

From (21), we get the following

- 11 -

e Interactions in a Smooth-

» We can obtain the following two sets of equations, one set in terms of the longitudinal ficld

A. Interaction equations expressed in terms of the longitudinal fields:

beam-wave interaction equations:

2 : jk, .
ViEx+aEz=le+)mp0J1—“p (22
OE!
2 - weE, .
ViH, +cH, =dEz—(VxJ)l——e—‘p (23)
!
where:
a= (—k: + kze,)ej /e,
b= jk,op.e, /¢
J x} “0’2 21 . (24) .
¢=-k; +k‘(8, —e;)/t:l
= -Jk,we e e, /g,
The transverse field components may be expressed in terms of E, and H, as follows:
- ] 2 2 2 -
= —|= < s - .-v
Ei D[ sz]\ V;Ez +mp'0}\ng.Hl ]\1}‘; .LEz X ez (:5)

—jop KV H, x &, + jou KT, +op kT, x Ez]




" . v is e ey

o e

. i
Equations (25) and (26) for this case become:

1
i
|
i

H, = %[—msoezkaiEx - Jk,K*V H, - jog, [k, —'Kze,)ViEz x &,
~k, KV, H, x&, +k kT, - jk, KT, x &,
where:
K*=k'¢, -k} KI=K%,; D=K'-k;; k' =o', (27)
Eq. (22) can be used to study longitudinal interactions (e.g., plasma Cherenkov radiation
devices), while (23) can be used to study transverse interaction (e.8., an ECRM with plasma fill).

When the plasma fill is absent, w,=0 and we have ¢,=0, €,=¢;=1. Equations (22) and (23) then

reduce to:

viE,+(k2-k§) z=j<n‘quz—jk;p (28)
E0
ViH, + (K -k})H, =~(VxJ) o (9)

EL= 2J 2[_kvaEz—mu~0v.LHzxéz+w}loj‘] \

K -k |
_ j _ (30) \\
H-L =k2—ki [~sz1Hz+mEOvAExsz_sz1 xéz] l
where:
AL K'=k'-kl; k!=0; D=K k! =0’e,u, (31)
WA
'f All the equations thus reduce to the well known vacuum case. - \
i
& However, in the vacuum case, the TE and TM modes can be independent, so we get: '
o i |
E, =k2—k2 [—kzviEz+w"‘LOJL] .!
' (32) f
- J - i -— -
H, = R [a)sOVlEzvx e,-k,J, x e,]

~

for the TM modes, and
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T N ~ L
//// _ J(Dp _ \\7\-;
- B, =i [-VLH, x84 1] R
/ o a _ (33)
2 p— [V H,+], x&,] )
/ K-k S
i el - b B -~ \__‘__//
for the TE modes. "™~ ™
For the case of a plasma fill, when Bg—<c, (22) becomes:
: (1o 2 LN : ik, i3
V- E, -(k —kz)(l—wpwm )EZ=J<:);10JZ——’p (34
: £,
while when By—0. we have:
2 2 2 2 2 : _)1\ -
V_Ez+[k (l—wp/w )—kz]Ezzjwpulz———;—-\—‘p (35)
EU(I"(L); /‘UJ-)

B. Interaction equations expressed in terms of the transverse fields:

The beam-wave interaction equations (22) and (23) can also be expressed in terms of the
transverse field components as follows:

bile - e3)- ke, -

Viél‘(’- EJ. =
£, ,
k ( ) c (36)
B R T L e A
€ € £ &€,
and:
Vi, +(Kk, —ki)ﬁi = —jk,we e, B, +k,we,(e, —€,)8, xE, —(Vx f)l (37)
Then E, and H, can be wnitten as:
E, =-— [(Vx}—il)‘éz-J,} (38)
WE,E,
H,=—(VxE, )¢ (39)
WH,

- 13 -
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When w,=0, (36) and (37) reduce to:

_ v
VIE, +(k - K2)E, = jop,J, + ;p (40"
0

and:

VIR, + (K -k})A, =~(Vx]) (4

Equation (40) has been used for the kinetic theory of the ECRM with space charge taken Intc

consideration [25]. Equations (38) and (39) remain unchanged.

For the case of a plasma fill, when By—o0, £,=1, £,=0, €, = I-w)/w’, (36) and (37) become:

.- .. v - k,p o’ - _
ViIE [ -ki(1m0l 0t )E =m0 o], s P g
%) £,
and:
0 2 202 215G kzso(‘)i— = 7 -
VlHl-.L[k (1-0/0 )-1\-2]111 =t x L= (vxT), (43)
and when B;—0, we have:
N = bl (D: 3 — N = ‘ v
ViE, + k'[ ""%]'ki E, =joud, +——2f (44)
w* so(l—w;/m‘)

and:
217 2 (Di 2 3 T -
VIH, +|K -] ~k} H, =~(Vx]) (45)
w L

Zquanons (38) and (39) again remain unchanged.
The general interaction equations obtained above cover almost all kinds of interactions in a
smooth waveguide with or without a plasma fill. Which interaction equation 10 use depends on the
specific case and on the preferences of the author. -~ -

I Y A

R It should be pointed out here that since the TE and TM modes are always coupled to each other,

the longitudinal and transverse interactions are also both present if transverse eleciron motion exists.
\
e - —

- 1Yy -
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IV. Beam-Wave Interactions in a Corrugated MPW — €

 —————— e T

/ “Wave propagation through a corrugated MPW has been previously studied [20]. According to

/
| Floquet’s theorem, the fields should be expanded as follows:

z
|
i
i

(46)

where:

$is wt T (47)

L is the spatial period, and s is the spatial harmonic number. Once again, we can find the interaction

\ equations expressed in terms of both the longitudinal as well as the transverse field corripon(m/
\
h [—

A. Longitudinal Field Expressions:

Substituting (46) and (47) into (22) and (23) yields the following for the longitudinal field

components:
ZW? +aE =Z@ﬁu+wMu—f:m) (48)
s s o™
S(ViH, o) = (48, -(7x7,), - %2, )
s s 1 .
where:

a, (k2 +ks)e,/e|
b, = jk, , 0u.E, /€,
c‘=-k§_,+k3(sf —si)/a,

d, = -Jk,,08.8,8, /€,

[ (30)

The transverse field components I-E_LJ and ITI_L“s may be found from (25) and (26) by simply replacing
(k;, K%, D and J,) by (k,5, K},Dsand J, ;) rcspectivcly, where:

K2, =K%, -k,;

Z.I’

Dz.s = K:s - k: (51)

- 15 -




Equation (48) can be used for plasma-filled devices like the TWT and BWO, while (49) can be used

for a plasma-filled ECRM in a periodic system.

In the plasma-free case, w,=0, £,=0, £,=¢€;=1, (48) and (49) reduce to:

Z[ViE“ +(k2 B kz)E'z,i] = Z(jcopojz_, ﬁ-j:ip‘)

H s 0

2V, (- kH, ==X (T,),

s H
When 0,0, By—oo, we have:

Y[ViE, +(k ~k3,)1-0] /0¥ )E,,|= Z(jmpoju -

3 s

Z[ViHm +(k* - ki)Hm] =2 (Vx js)z

s s

and when By—0, we have:

Z{ViHu +[k’(1—m; /0?)- k’]H} =-2(vx1,),

Z{ViE,, +[k2(1-02/0%)- kL]E”} = Z[J‘mqu,‘, -

(54)

(35)

(56)

(537

Equations (54) and (55) are commonly used for the plasma-filled BWO and TWT, when the coupling

berween the TE and TM modes due to the magnetized background plasma is neglected.

B..Transverse Field Expressions:

Similarly, substituting (46) and (47) into (36) and (37) yields the following for the transverse

field components:

- 1b -




1 el $ 8I
(58)
€,—¢€ - - \%
kzswpo( > I)szHls wpo 26z J.L.s+ lps:l
g, € €08,

Z[VJAHJ_s (k%e, - k“)ﬁu}=Z[—jkumsuczﬁu+kzmao(£3—s,)ézxE“—(Vst)J (39)

s 1

The longitudinal field components E,; and H, can be found by using the same substitutions mentioned

before.

In the plasma-free case, (58) and (59) reduce to:

;[viﬁ.l..s +(k - ki.s)éi.s] = g(j(ﬁllojl_, +'Z:Tp:) (60)
Y[VifL (K -kL)AL]=-2(VxT), | (6

and when w,#0, Bo— 0, they reduce to:

2
N N L

Z{viﬁ [k (1-02/0?) ]H“} Z[_wmikzeo'ézxE_L.’-(Vx.Ts)lJ (63)

and when By—0, we have:
- - - \Y -
Z{ViE“ +[k2(1-0} /07)- ki.,]E“} = Z(jwuo.lu + :*-f-) (64) -

Z{leu [k2(1-02/0)- ki.,]f-'lu} == (vx1,), (65)
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The interaction equations obtained above can be used for both linear and non-linear beam-wave
interactions in general cases for either a vacuum or a plasma fill. It should also be pointed out that
longitudinal and transverse interactions are also both present in a periodic structure provided that

transverse electron motion is present.

V. Dispersion Equations of Electron Beam-Wave Interactions in an MPW Using a

Fluid Model

Based on the interaction equations given in the last section, the dispersion equations for
different kinds of beam-wave interactions in an MPW can be obtained. Those for longitudinal
interactions, for the case of a TWT. /BWO, and for transverse interactions are discussed individually in

the three subsections below.

A. Dispersion Equations for Longitudinal Interactions

Starting with (22), Appendix B derives the following dispersion equation (B-5):
es(k: =k )Ps + jop,e, (k, - k.0)Pre = - jop, HJzEzods + JS_ HPE 2048 (66)
: A .

Plasma Cherenkov radiation devices typically rely on longitudinal interactions. The dispersion
character of wave propagation along an MPW without an electron beam (see Appendix A) can be
described by this dispersion equation. From this equation we can also get k,o. One sees that without

dielectric loading, all the waves, except the plasma wave modes, are fast waves. In plasma Chercnkov
devices, therefore, it is necessary to insert dielectric loading or to use a corrugated waveguide.

From (22), the continuity equation yields:

V-J+—=0 (67)
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and by using a fluid model for the electron beam, we obtain.

| |
. OF,0

Jz"—“j'——o L 2Ez (68)
(0 -k,v,)

We can then rewrite the dispersion equation (66) as:

-

oy(e,k’ -k

ez(ki —k§0)PE +j(°“o£:(kz‘kzo)PHe =_(c\_)—k—v0):£)PE (69)

2

where:
P = [[E,-Ejods

. (70)
Pie = HHz "E s
Here k, is determined by the dispersion equation for the plasma filled waveguide without an electron

beam and:

(0; = Po? H Yo = (I—Bé)-m ; Bo= VovEoHo | (71)

3
myYq€,

where p, is the equilibrium charge density of the electron beam, and v, is the equilibrium velocity of
the beam. The calculation of beam current using kinetic theory is given in Part II of this paper.
The solutions of (69) can be obtained easily as follows:

] . 2 9 3
k, = : {‘J(”Poezpns t {‘m'%aspﬁs +
i 5

(72)

172
2 . oiek?
4 £, + —-—(9—‘3—-——,— PE k:OEJPE + Jmposzpuzkzo +_b_l_—:‘P5
(m -~k - (0‘) —kzvo)

From (72), we derive the instability criteria for plasma Cherenkov radiation to be:

2 . ) P o'e k? e aa
4[e,+———( = ,]Pé[k;osmmuoezpﬁkm — ~}<°~’-PG£§PEE (73)
o-k,v, '

z E (‘D-kz"o).

When ©,=0 and Pyg=0, (72) yields:
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2 kZ _kZ
ki -k _oifEk k) ;) (74)
(0 -k,v,)

For the plasma filled case, when By—o or By—0, (74) becomes:

03; k2 —k? 2
m(el. - ) (75)

220

ss(k: ‘k:o)=

Equation (75) is the same as that given in 22]. The instability criteria, (73), then reduces to:
2 2 k)
w w,e Kk’
Ey+ ———2—— I kle +—21°0 | (76)
(0-k,v,) (0 -k, v,)°

B. The Dispersion Equations for a TWT/BWO

In a BWO or TWT, a corrugated waveguide is often used. From (48), we can follow the same

procedures as those of Section 1 of Appendix B to obtain:

Z[sJ(k:.S - k:o.;)PE.s + jm“oez (kz.s - kzO.s )PHEJ] =
’ (77)

Z‘:[-jwuoe, HJ,E;odH% HpE;ods:’

that can be rewritten as

-'-S'-'Z@‘."p,’\ YR

ik -,
Z[E,(k:_‘ —kiOJ)PEJ "'jm“oez(ku - kxo.s)PHE.s] = Z mb(sl 3 )PE.: (78)
s (0) "‘kx.’Vo) :

If only the synchronous term is considered, we get:
mi(elkz - kiq)
(m -K,q \'0)2

el(ki.q - kio.q )PE.Q + jwpoc,(k zq l'(zo.q )PHE.q = PE.q (79)

In the case of no plasma fill, (78) reduces to:
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or(k*-k2,)

Z(k:.s - k:o.s)PE.s = Z 2 PE.: ' (80)
d s (m - kz.svo)
If we only take one synchronous term s=q in (80), we get:
ok’ -K;
(k:q - kio.q )PEA = b(—.q)pl&.q ) (8])

(u) - kz_qvo)

Eq: (81) is the same as that given in [25].

C. The Dispersion Equations for Transverse Intcractions:
A typical and very important transverse interaction is that found in the ECRM. We now .

consider this interaction with a plasma fill. From (36), the procedures of Section 1 of Appendix B
]

yields the following dispersion equation:
£3(k2 k2 )Py, + jopee, (K, = Kyo)Pye, +0mo(e; =€, )(k, = Kyo)Pey, =
—jop,E, ”L -Elods-i .U(VLPL -E’,ds
When plasma is absent and the space charge term is neglected, (82) reduces to;
(k2 - k2% )Pe, =—jou, [[7, - Ejods | (83)

which can be rewritten as:

2
.0 T =
(“’, _K? -k;)ﬂ_“o [[T4-Eods (84)
c Pe, _

Equation (84) is simply the one used for vacuum gyrotron devices {27].

For a corrugated waveguide, (82) becomes:
Z[El(ki: - k:O)PE‘J + j“’“oez (kz.x - kzo)PHE_. st 0)}1(,(83 -, )(kz.s - 1\'zo)P!-_'H. .>]

= ‘Zl:jml»lot:, HLJ B, ds+ el H(le)x -I:Z:w.sds:l
0
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For the vacuum case, the space charge term is neglected and we obtain:

Z(kis - k:o )PE,: = ‘Zjﬁ)llo vU‘-fva.s ) E;O.sds (86)

L
At this point, it is important to again remember that, for the case of a magnetized plasma fill, transverse
interactions are accompanied by longitudinal interactions.

Several important points must be highlighted here. First, according 1o (9)-(14), each field

component is split into four parts, and correspondingly, J, and T, are also divided into four parts.

Second, it therefore follows that each of the integrations (Pg, Pgj, Py, Pies, UJ: -E’,ds and

J ﬁ, -E;ods) has 16 terms. This makes the interaction and dispersion equations very complicated.

]ing\of the TE and TM modes, E, and E, always exis@

(Therefore/we always have transverse and longitudinal interactions together. This is the most important
~—

feature of beam-wave interactions in a magnetized plasma wavéguide.

Third,jbecausc of th

VL. Theoretical Analysis of Electron Beam-Wave Interactions in an MPW with an
Ion-Channel Taken into Account

As mentioned in the introduction, when an electron beam is injected into a plasma, an ion-
channel may be formed if the beam density is relatively high. In most published papers dealing with
beam-wave interactions in plasma waveguides [1], (3]-[5], [8], [9] the ion-channel effect is neglected.

‘This is valid when the beam density is so low that the effects of the electron beam on the plasma

--—~
e
—

background are not significant. However, when the beam density is high, say é" >>n, (or even)

r n,2n) Where n, is the beam density and the n, is the background plasma density, the ion-channel
~

may play an essential role in beam-wave interactions and cannot be neglected.
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A theoretical analysis of electron beam-wave interactions in an MPW with the ion-channel
taken into consideration is given in this section using a fluid model. The theory for a plasma filled
ECRM with an ion-channel will be given in Part Il of this paper. First, a general review of the
formation of an ion-channel is presented in Subsection A below. Subsection B then deals with the
dispersion equations for longitudinal beam-wave interactions in an MPW with the jon-channel taken
into account. The corresponding transverse interactions are analyzed in Part Il of this paper using
Kinetic theory. Beam-wave interactions in an unmagnetized plasma waveguide are also included there.

Some detailed derivations are provided in Appendix C.

A. The Formation of an Ton Channel in an MPW

Electron beam propagation through plasma has been an important topic of study in both physics
and electrical engineering for a long time [16]-[18]. In this section, we 4ﬁrst give a general review and
then present some assumptions to be used in the detailed analysis. |

As an electron beam propagates through a plasma, it continuously expels plasma electrons
away from the beam volume. This expulsion is partial or complete depending on the ratio of tl;e beam
density to the background plasma density (ny/n;), leaving the heavy ions of the plasma to provide

focusing and neutralization for the beam. Therefore, for the case where the beam density is relatively

high, an ion-channel can be formed. A rough estimate can be made that the radius of the ion-channel,
Ri,as R =b(n, /n,)", where b is the radius of electron beam. This implies that when n, > n_, the

ion-channel radius is even larger than that of the electron bcam.
In the theoretical analysis that follows, we will deal with both a solid and a hollow electron

beamn. The solid beam case is shown in Fig.1(a) and that for a hollow beam in Fig.1(b).
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Fig. 1 shows that, for a solid beam, the ion-channel is formed both inside and outside the beam
radius if n, >n,. For a hollow beam, an ion-channel can be formed in the beam volume itself as well
as outside that volume, but inside the beam radius, the plasma still remains.

Based on the above discussion of ion-channel formation, the following concepts of the model
for further analysis can be deduced. Since we are using the “applied field” approach, the following
models for studying the longitudinal and transverse interactions are very useful, as shown in Fig. 2.
Under the “applied field” approach, it is understood that both the electron motion and also the
perturbed electron current density are calculated by assuming that the beamelectrons are moving in the
field of the plasma waveguide without the electron beam present. Therefore, now with the jon-
channel, we have two “plasma waveguide models”, as shown in Fig. 2(a) and Fig. 2(b). Introducing
the concept of the “plasma waveguide model™ greatly simplifies the theoretical analysis that follows.
Our first step in studying the beam-wave interactions is simply to calculate the field in the “s.impliﬁed
plasma waveguide model.”

Using this approach, the interaction equations and the dispersion equations given in Sections
III, IV, and V can also be used. The only necessary modification is that now the beam-wave

interactions take place in the ion-channel region.

B. Dispersion Equations for the Longitudinal Interactions

As mentioned above, we now calculate the field in the “simplified MPW Model” for
longitudinal interactions involving a solid electron beam. This model is shown in Fig. 2(a), and the
. detailed derivations can be found in Appendix C. Since the beam-wave interactions take place in the

ion-channel fcgion. (66) from Section V above can be used:

e,(kf -k}, F = = JOHE, HJ;E.:odS + %:: HPE;ods | (87)
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In this equation, we consider that in the ion-channel, €, =1—m§ /@® and & =0, and that for the

heavy ions, ® ; /® = 0. Then, a similar dispersion equation can be obtained:

kf "k.-zo =M (88)

(-kuv,)
It should be noted that in (87) and (88), ko denotes the phasé constant for wave propagation in the
“simplified MPW model” shown in Fig. 2(a).
It is not difficult to derive the dispersion relation for longitudinal interactions in a corrugated

MPW with an ion-channel as follows:

S - ), -y 2K )

] (a) 1{ Vo) (89)
If one only considers the synchronous term, this reduces to:
kZ _kl = w:(kz ~ k:zx)
20,5 @ - k, ,Vo Y
- (50)

where “s” indicates the s-th spatial harmonic.

C. Interactions in Devices Such as the PASOTRON

Beam-wave interactions may also take place in plasma waveguides without a magnetic field.
The PASOTRON device [14], [26] is a good example of this case. Here we consider such interactions
with an ion-channel taken intq account. We begin with the smooth-walled configuration. For that _

case, the field cxpressions are as follows (only considering the TM mode) (see Fig. 2a.):

\ ,( -~
For Region (rm@rcglon R—QR»)
Q,Jv"' [ o4
E, = AJ_(pR)+ A,N_(pR) \/ (91
k . .
Ey ==Lt 4J.(pR)+ 4,N_(pR) | 92)
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k,m
E, = ;TE[AIJ.. (pR)+ 4, N, (pR)]

-wEEM

Hy = ———=—[4,J,(pR) + 4, N, (pR)]
PR

H =-

JWEE,
o ===

A (PRY+ AN (pR)]
where
-iT™
®
\o»(‘/l‘”‘“'[)’ SRLR,
For Region II (glgwn RT-}}R@('/

l/w- N B g kR

J
.
Ey = =224, (kR)] N
¢ + —
: \/\?/’/‘\){/
k m /\ l:,\./
E, = —"[A,J.(kR)] S -
kIR e
4«/{:,) ‘b‘/
DEM ) ,;/J'\/’i/
Hy=- A;[AJ(kR)] | e

Hy=-L5 sk p) W

where
p’ =k’ -kle,
k}=k? -k}
The boundary conditions are:
At R=a: £, =0

AtR=Ri: E, =E, Eg=E, Fgr = H}’ T
!

/

Simple mathematics yields the coefficients:
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(93)

(94)

(95)

(96)

(97)

(98)

(99)

(100)

(101)

(102)

(103) ~

(104)

(105)




4, == TP 4 (106)

N_(pa)

J,(pR,-)N,(pa)—Jm(pa)N,(pR,-)A

4= 7. (k R)N, (pa) !

(107)

and dispersion equations for the simplified plasma waveguide model:

J,.(pa) N,(pa) 0
A=| J, (pR) N_(pR.) -J, (k.R) |=0 (108)
£ { 1

—=2J (pR) —LN_(pR) -—J (kR
o~ m(PR;) o »(PR}) k:Jm( R)

1 Br "'\{ L4
! -
{/ | A

The dispersion relation for beam-wave interactions can be obtained as :

W (K~ k7)
(a)—k:uzo)z

k:2 _kzzo =

(109)

where k., may be denved from (108).

The dispersion relation for interactions in the full corrugated-waveguide PASOTRON device is:

a),, k2 ) Pe.s

o‘/ Z’wku) i

Equation (110) can be used for the cases of a BWO/TWT, a plasma waveguide without a magnetic

(110)

)

field (unmagnetized plasma), and for the cases where an ion-channel is present.

VII. Sample Numerical Calculations for Longitudinal Interactions

" In the preceding sections of this paper, complete theoretical formulations for beam-wave
interactions in- an MPW have been derived. In order to illustrate the theory, computer calculations have

been carried out for longitudinal interactions for some sample cases. The calculations clearly show that
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there are many unique and significant features of beam-wavé interactions when a magnetized plasma
fill is present.

Computer calculations for BWO and Cherenkov radiation have appearcd in previous paﬁers (9],

(10}, [22]. Therefore we cor;centrale on a different configuration, namely that of a circular cylindrical

waveguide filled with a thin annular plasma and a thin annular electron beam propagating and

-~ interacting with the wave as shown in Fig. 3. Since the corresponding experimental work has already

been published [28], we are able to compare our calculations directly to those results. Since there is

only a thin annular plasma background, the ion-channel effect cén be neglected and the interaction

equations (66) and (69) from above can be used:

5)(1":2 = k:zo)PE +Jop €, (k, = ko) Py = - jou,e, HJzE;odS'*'L‘ ”pEzods
€o (111)
: . w, (e k? -k’
53(1‘:"kzzo)Ps'*'Ja’/‘o“:z(k:-k:o)Pus =—l’_(_l;_.)PE (112)

(w-kyv,)’

In order 10 find k,,, Py and Py, the simplified plasma-filled waveguide model, that is the

waveguide filled with an annular plasma but without an electron beam, will be studied first. The
detailed solution is as follows.

Referring to Fié. 3, a hollow waveguide is filled with an annular plasma (Region II) of outer
and inner radius, r; and r,  but without an electron beam. Then the field component expressions for
the different regions can be written as follows:

ForRegionI: rJ < R < R_ between the annular plasma and the waveguide wall

L .
E!'= AJ(kR)+ A:NMR)} (113)

H/=B,J.(kR)+B,N,(kR)

ForRegionll: r; < R< r, inside the annular plasma volume itself
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T

EM = 4,J,(p,R)+ A,N, (p,R) + AJ,(p,R) + AN, (p,R) } 1)
H:” = A;hJ (pR)+ AWN, (pR) + AshyJ, (P, R) + Ah, N, (P, R)
ForRegion III: 0< R <r] inside the volume enclosed by the annular plasma
E" = 4,J, (k.R) .
" (113)
H” = A,J, (k.R)
with the boundary conditions:
atR=R,: E! =0, E}=0 (116)
atR=r,: El=E!, E,=E,
H! =H/, H, =H] (117)
atR=r;: EM = EM, El = EV
! " /] 1
H'=H", H =H, - (118)

The components E,, E,, H,, H, can be found by using (A-3)-(A-6) in Appendix A. Then,

substituting the field component expressions, (113)-(115), into the boundary conditions, (116)-(118),

yields the individual elements of the dispersion relation:

a, 4ap, 10
a a ... a
2 2 210
A= =0 (119)
Qion Q02 -+ Qoo

Using (119), we can calculate the dispersion relation without an electron beam present. Thus, the

fields £,, and H,, can also be obtained. Then, we can get P, and P, by using the equations,
P = [[E,o-Eds (120)

Pre =”H:o'5:od5 ' (121)
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So, according to (66) and (69) in Section V or (111) and (112), the longitudinal interactions of the
plasma \'vaves and the electron beam have been ca]culat;:d. )

We find that there are at least two differences between our work and the expenment cited in [28).
They are as follows:

1) The authors of [28] stated specifically that only “the E-mode” (i.e. - the TM mode) were
considered there. However, theory [19], [20] demands that in an MPW the “E-mode” cannot exist
independently. Only the hyBrid modes, HE or EH, are allowed.

2) It was also indicated in [28] that the modes for which the cut-off frequency is zero and the
phase velocity is less than the speed of the light were used. Therefore, the mode used in [28] belongs
to the “plasma waves” or “T-G modes”. With an annular plasma fill, our calculations show that only a
symmetrical mode with m=0, (HE,, or EHy, with no azimuthal variation), may have zero cut-off
frequencies. The cut-off frequencies of all asymmetrical modes are not zero. That is the essential
difference between a solid plasma ﬁll and the annular plasma fill. Therefore, our calculations are
mainly focused on the m=0 mode.

ST
7 The results of the numerical calculations are shown in Figs. 4 --9. Fig.4 shows the dispersion

I
curve of the HEy, mode for different values of n, (2x10'3/cm3, 4x10'3/cm3, 6x10"/cm? , 8x10"/cm?

and }0x10”/cm3). The cut-off frequency for all the curves is zero. Fig.5 shows the dispersion curves

for the simplified plasma waveguide model (plasma-filled waveguide without an electron beam) for the

i

as_vmmctnc mode, HE,,. It shows the intersections of the dispersion curves with the light line, ¢, and

(thc eleciron beam line, 500keV. The intersection is at about 15 GHz, higher than that for the
!svmmemcal mode. Fig. 5 clearly shows that the cut-off frequencies for the asymmetrical modes are
l

'not zero. Fig. 6 shows the real part, Re(k.), for the beam-wave interactions of the HE;, mode. The

L@anmary part, Im(k.), is shown in Flg 7 Thcsc plols show lhdl the msmbllny may cxist in quile a

R
L(/L(’.J - (/-!lr ’Q'\,\AHMTL( LobrL.

N
Lu— fl- OOL( o‘
//% u“&&d __d__a(-_‘ v s L — B'ﬂ—*;n_-——_~-— Tt T




broad frequency band. The corresponding plots for the interactions with the HE,;, mode are shown in
Fig. 8 an;:i Fig. 9.

Direct comparison between our numerical calculations and the experimental results .givcn in
(28] (Fig. 2(d) in [28] for example) shows good basic agreement. However, our calculations do not
agree with the theoretical calculations given in Fig. 4 of [28]. This is understandable since we
calculated the hybrid rﬁode while in [28] the “E-mode” was used. N

4 Y
-~ A very interesting new result of our calculations is that the frequency for the peak growth rate \

|
/

of the interaction instability is far from the frequency at which the beam line is tangential to the
dispersion curve for the plasma wavcguide without a beam. This is perhaps one of the main

'\gifggngg:s_ .between_ _the . MPW and the vacuum case. This is worthy of further study.

— D

VIII. Some Possible New Interactions in an MPW ] [_l_j,

S
-

-

There are varieties of propagating waves in an MP\yéj'\*N_hen a driving electron beam is present,
il

there must naturally be some coupling between/among waves. Such coupling, of course, may lead to

some instabilities. In reference [10], for example, @ parametric coupling excitation was presented. It is

suggested that the T-G mode parametrically couples with a TM mode to excite a negative energy beam

mode. The beam mode feeds energy into the positive energy T-G and TM modes giving rise to an
explosive instability.

" In an MPW, the mechanism is actually somewhat different from that given in [10]. Here the T-

G mode parametrically couples with either the EH,,, or HE,, mode, or even with one of the cyclotron

modes, and then excites the electron beam. Now there are two transverse wave numbers, p, and p, so

the excitation condition should be modified also. Considering the varieties of waves that can propagate
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in an MPW, the formulations become much more complicated, some results will be given in a future

paper i)y the authors.

—\//-/‘ B
/
/

There exists a special kind of wave family that can propagate in an MPW in the frequency

R e e

i
/ range: (0, <0< 0oro <o <w,), called the cyclotron modes. In particular, some of these waves

are inherently backward waves (negative dispersion). This may therefore constitute a new interaction
- mechanism with the cyclotron waves. Similarly for backward waves, a new type of BWO might be

constructed without the need for a periodic structure. The formulations of beam-wave imeracliorls_w-ith/
LT T T T —

yclotron waves parallel those given in Sections 1II and IV abovyin principle, the slow cyclotron

s —— o —

——

e e —

-—— s e

waves may also be used as pump waves for parametric excitation.

The ion-channel produced by an electron beam propagating in a plasma complicates the beam-
wave interactions. When there is no external guide magnetic field, an ion-channel laser may result.
When the external guide magnetic field is not zero, there will exist a new kind of hybrid iﬁteraclion.

The authors are preparing another paper to analyze and discuss this new hybrid instability [29].

IX. Discussion amg‘Analysis N G = cowelusipn

The general formulations, including the general interaction equations and dispersion equations,
given in this paper cover almost all kinds of beam-wave interactions in a waveguide with and without a
plasma fill. Now based on these formulations, the following observations can be made conceming the
specific influences and roles of the magnetized plasma fill itself.

1. Physically, the cyclotron motion of the background plasma electron plays a very important

2

LI {see (7)}. This gives rise to the coupling between the TE

9
-

role. Because of it, we have ¢, = -

and TM modes becanse—b=0-and-d=6: It also produces the additional parts of the wave field
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L components associated with k} = k’c,. These parts of the wave field are directly involved in the

beam-wave interactions. 4—\ \

l

@ )The field patterns in an MPW are much more complicated than those in a vacuum
o I

L -

¢ waveguide. The field structure is completely changed. }Eére ‘are- two ‘eigenvalues and ‘1\1'6\‘-.\
- e ) \
3

(corrcspondin‘g\cigenﬁfrfc—ti6_n$-. The piasma background produces additional parts of the wave.

Therefore, all field components, Eo for example, may be divided into four pars:

E,=E, +E, +E,, +E,;, where Eo, is produced by H, =AhJ (p,R)+ A,h,J (p.R) and is

*2p
called the TE-like part. E, is produced by E, = A,J_ (p,R) +A,J, (p.R) and is called the TM-like ,

part, and E.,, and Eey, are additional parts due to the plasma background. All of these parts are

involved in the beam-wave interactions, vastly complicating them.

Similarly, the RF current density components gain two plasma parts as follows: \
i

andJ, =1, +J,+J,,+J,,, (See Part I of this paper).

Jo=da+Ta + 0 toms

Beam-wave interactions mainly depend on the term _[ I J-E'ds. Therefore, the magnetized

plasma  fill  greatly complicates the interactions in the [ollowing  manner:

[7,Elas=[[s, Eqds= [[JoEq +J 0B + T Euy +T0Ersy +TopEu HoEa +1,,Eo,

""J E‘ +J02E;l +J02E;2 +J02Ewlp +JwZE;2p +Jv2pE;l +Jw'.’pE;2 + Jw!pE;lp +Jw2;E;2p)ds' The

elp ™ elp

same is true for J' IJ ,-E.ds. Since HT . - E'ds represents the transverse beam-wave interaction, and

since HJ, - Eds represents the longitudinal beam-wave imcraction,g{ince both E, and E, always

e Y S
A cxis}\mclearly that transverse interactions are always accompanied by longitudinal

-

interactions. So beam-wave interactions in an MPW are much more complicated and richer than thosc

. for the vacuum case.

: ~ 4/7—'7”7——%’"-#—-'- AR

PR I

R S VR ~ ) L=

- 33 -




3. An instability of the longitudinal interactions and that of the transverse interactions may or
may not-occur at the same frequency. The instability will of course be enhanced when they do occur at
same frequency. When they occur at different frequencies, a spurious spectrum will occur.

4. When an electron beam is injected into a plasma, an ion-channel may be formed if the beam
density and energy are sufficiently high. Then the analysis of beam-wave interactions must take the

ion-channel into account.

- X—Conclusions—

7L~«—/ The basic theory of electron bcam-wave interactions in a waveguide filled with plasma

immersed in a finite magnetic field has been presented in this paper. ﬁhe interaction equations and

{ dispersion relations for both longitudinal and transverse interactions in a magnetized plasma have been
formulated. These equations cover almost all kinds of beam-wave interactions. They can also be used
for any parametric excitations that may exist. The interaction equations can be used for both linear and

non-linear waves, but the dispersion relations can only be used for the linear case. The theory given in

this paper is only valid as long as the plasma background is not distorted; that is, as long as the
background plasma can be described by the permittivity tensor given in (6)-(8).

From the formulations given in this paper, eight major results were obtained. First, the

imporiance of the background plasma is that: 1) The electron gyrating motion of the background
| plasma couples the TE modes and TM modes, 2) This coupling generates the hybrid HE mode and EH
mode; also, because of the magnetized plasma, there are varieties of modes propagating along the
waveguide, and 3) The background plasma itself is involved in the electron beam-wave interactions by
producing adaitional parts of the wave that depend on the gyrating motion. Thus, the magnetized

background plasma makes the electron beam-wave interactions much more complicated and rich.
——




o~

—_—

) Second, since the TE and TM modes are always coupled, in an MPW, E, and E , always exist
simultax;eously. In plasma-filled microwave devices, therefore, there are no pure transverse
ime.ractions. They are always accompanied by longitudinal interactions with corresponding slow
waves that can exist in an MPW both for smooth and corrugated walls. Likewise there is no pure
longitudinal interaction. If there is any, even small, transverse electron motion, there must be some

~ transverse interaction. It is inhcrent in an MPW that the transverse and longitudinal interactions arc
coupled.

Third, since there are varieties of waves in an MPW, when the electron beam is present,

coupling between/among waves may happen. The low frequency plasma modes (T-G modes or even

cyclotron waves) may serve as the pump wave and parametric excitations may be obtained.
Fourth, there is a special kind of wave family in the frequency range: (0, <0 <@, or

©, <0 <0,), called cyclotron modes. The waves in this family are all electromagnetic waves. They

can interact directly with the electron beam, since their phase velocities may be less than the speed of
light. In particular, some of the cyclotron waves are inherently negative; they are natural backward-
waves. These inherent backward-waves may even be used for building backward-wave oscillators
without periodic structures.
Fifth, the instabilities caused by longitudinal and transverse interactions may lead to two cases:

(a). If two instability mechanisms occur at the same frequency or in the same frequency band, if
properly adjusted (i.e.- carefully tuned), the instability will be dramatically enhanced. (b). If two
instability mechanisms occur at different frequencies or frequency bands, then, spurious oscillations

may occur.

Sixth, the coupling between TE and TM modes in the waveguide and the intensity of the

interactions due to the participation of the plasma depend on the plasma electron gyrating motion and

e+ ettt




T \[/’V

e \
2
o
the plasma background density. It is proportional to the parameter ki =k’e, = -k? Té—‘t,, E=—2 \
-1’ [0

\‘-,

1=k, Thus, adjusting the magnetic field and the density of the background plasma is important for
2] .

the design and operation of plasma-filled devices. Those paramcters thereby permit frequency-tuning
of a given device [30].
Seventh, when an ion-channel is formed, any theoretical analysis of the system must take it into

consideration. One of the most convenient approaches is to use our simplified plasma waveguide

model for a solid beam or for a hollow beam. The clectron beam-wave interactions take place-in theJ

i

ion-chammel region itself. ~  _——
VJ/U° T

Finally, Our theoretical prcdictions\(ox;E:n that, in general, the frequency spectrum and the
spurious output of plasma filled devices cannot be of as high a quality as that of vacuum devices. That
appears to be the main price we must pay for enhancing the output power and efficiency of microwave

devices by means of a plasma fill.
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Appendix A: Basic Equations / Properties of Wave Propagation in an MPW

In this appendix, a detailed derivation of the basic equations and illustrations of the character of
wave propagation in an MPW are given. These equations and characteristics are necessary for a full

appreciation of the results presented in this paper.

1. Basic Equations:

The longitudinal field components in a smooth-walled MPW are given in (1) and (2) as:
E, = 4J,(p.R)+ 4,J,(p:R) (A1)
H, = Alhljm(le)+A2h2Jm(p2R) ' ~ (A-2)

The transverse field components can be derived from (11) by assuming a form like (A-1) and (A-2) for

—— e —

each field subcomponent and making the substitution from (3) and (4): . ﬁ('

S

= ©

N . |
f E, = B{-ﬂc,K-[A,p,J,,(p,R)+ 4,p,J.(pR)] - jk.K; %[AIJM(‘D,R)-i- 4,7, (p;R)]+
a3 |
wﬂok:[Axhnpxj;(PlR)"’A:thzJ;-(PzR)]"’wﬂoKz";'[Alhl']m(PlR)+Azhz-]m(P:R)]} 1 ‘

1 , . .
£, = B{k:k;[Allem(le)+ Azsz_(sz)]-t- k.K? %[Aljm(le) +
AzJ,,(sz)]+ja);10K2[A,h,p,J;,(p,R)+ Azth:-];n(PzR)] + (A-4)

Jjouk: %[A,h,./_(p,k) + A,hyJ p,R)]} .

4

1 , . . Lo
H‘ =5{—weo£:k:[Alp1Jm(le)+ Azszm(sz)]—a)su(gl}\ "5:,\' )_’1’_;

[AlJm(le)+ AZJn(pIR)]_jszz[Alhlle;n(le) + A:I‘:P:J;,(P:R)] (A-3)

_jk__k:%[A,h,J,,(p,R)+Azhz.]m(sz)]}
L — e —
G YR A A S

;‘ Q“"J’Q"I 00_ . : e
-
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1 . ’ ’
H, = B{—jwso(a,K’ —ezk:)[A,p,J,,(p,R)+ A;PZJ,.,(PzR)]"J'a’goezk:%

[AIJM(le)+A2JM sz ]"'k-k:[A }’1P|J;(P|R)+A:thzJ:n(PzR)] (A-6)
+k,K? [AhJ p, )+Ah J (p2 )]}
where: D K*-k; K’ --k’+L e, kj=0'peeE, =k, £, = JE, (A-7)

) = =0, = D
he dispersion relauon can be obtamcd from (22), (A-1), and (A-2) as follows:

2

: a2 . K
PP RN () 57
:52

(0 = 81) |- L5710, 0.

(A-8)
. . Kz 2 | m C/\
[]k;k: +Jk_,€2 (53K2 — &P, ):'—J(Rc) ke, (P - P )J ( R )Jm(pZRr) =0

For a corrugated waveguide, the field components should be expanded using Floquet's theorem [31].

E, Z[A.,. W (PR +A2,Jm(pzﬁR)]e"“": (A-9)

H, = = Y[ A o(p R+ 4, AT (A-10)

Where the wave factor exp( jot + jme ~ jk, ,z) is implied in the above but not shown, and

5 _
k,.=k,+ —:—" (A-11)

and L 1s the spatial period.
The expressions for the transverse field components (E wEg H R,Hw) may be obtained by
using Floquet's expansion of the respective equations. We also have the ei genvalues for the corrugated -

waveguide:

1 2 2
| (pll): = EZ[—I(:”(E' +€2)+ k2(€|€J + g, —51.)]i' 251
\ (A-12)

{[ -k}, +k (e,e, - +¢] )] +4/\"kf_}.»:§.t:,}2
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('k:i_: +k’e, )53 - 51(P|.2 ):
jw/‘oku“:z

(ha), =

D, =K; -k;
K =-kI +k’%,
The boundary conditions along the corrugated waveguide surfaces may be written as:

R=a+hcosk,z

(A-13)

- (A-14)

(A-15)

(A-16)

(A-17)

where we assume that the waveguide has a sinusoidal boundary wall, h is the depth of the ripple, and

2
k, = —L’-’ So (A-16) and (A-17) reduce to:

(E, - Ezkohsin k,2) =0

Rma+hcoskyz

(H,kohsinkyz - H,) =0

‘Rea+hcosky

(A-18)

" (A-19)

Substituting the field component expressions into the boundary conditions, and taking the average

value in one spatial period, we obtain:

Where:
(Fu)., = —i— 2 dz{J,( piR)+ Dl"[ﬂc,,, KlpiaJou(piaR)+ j % kikyud o (PraR)=

: m 2 : - n-sv o3
wﬂok:hl.npu‘]m(pl.nR)_Ew/uoknhl,n‘]m(pMR)]kOhSlnkoz}e g a

=—[ dz{ PR +-Dl:[jk//.nk’:p",n‘/:’n(p2.nR)+J’;k‘A//nJm(pZ.nR)—

3

w'uOk‘zhz"pz"J;(pz‘R) - ;wﬂoK h" 'lJm(p" n )]ko" sin koz}e-j("-’)‘&

(A-20)

(A-21) ©

(A-22)




(Max(0,,0,) <o <w,).

dz ™/ {h J (pMR)kohsinkoz+

1a¥m

(GM.I ),,__, = %

(Il

1 .
F[-wgok}/.n€2pl.n‘]m(pl,n R) — e, %(511(: - glk:)Jm(pl.nR)

a

—jk//.n K:hl.npl.n Jm (plnR) - -/k//nkg R hl n‘]m (plnR):’}

2nYm

PRV LT {h J (Pz,..R)ko” sinko‘z +

-1 e

{'w“:o “in €2 P*,.Jm(PwnR)‘weo%(ng: —5:]‘}2)‘]».(172.’.}?)

~|,\

bl»- t~l—‘

~Jky., K:hl.npln J,'n(Pz,n R) - ./"//..kg R hl.n‘]m (pz.n R)J}

" The general dispersion relation for a corrugated MPW is then obtained as follows: .

=0
(G"")n.: (G”':)n..t
and for symmetric modes,
(Fo'l )HJ (F;)'2 )IIJ
=0 -
(Gu)  (Goa),

2. Characteristics of Wave Propagation.

can propagate in an MPW: plasma waves (T-G mode), in the frequency range (O<w <

- ypg -

(A-23)

(A-24)

(A-25)

(A-26)

Fig. A-1 gives the dispersion curves of waves that may propagate in an MPW. It is obtained
from (A-8). The figure shows that there are at least the following three kinds of waves (modes) that )
V p); waveguide
waves in the frequency (o, =, 0’ +w) <0); and cyclotron waves in the frequency range
We can see clearly that the plasma waves are slow waves (the phase

velocity is less than-the speed of light); the waveguide waves are fast waves (the phase velocity is




higher than the speed of light); as for the cyclotron waves the phase ve]oci.ty can be either less than or
greater than the speed of light depending on the frequency. Itt is interesting to point out that for some
cyclotron waves the group velocity is negative (negative dispersion), and thus a natural backward wave
can propagate. Therefore, the waveguide waves cannot directly interact with the electron beam, while
cyclotron waves and plasma waves can. It has been shown in [22] that by means of dielectric loading,
the phase velocity of some waveguide waves can be slowed down to less than the speed of Iiéht, thus

allowing beam-wave interactions.

Appendix B. Derivation of Dispersion Equations for Electron Beam-Wave
Interactions in an MPW

1. For Longitudinal Interactions:

From Maxwell's equations, we obtained the beam-wave interaction expression (22) and (23) as:

VIE, +aE, = bH, + jop,J, - 52 p (B-1)
8081

ViH, +cH, =dE, ~(VxJ) -Z2p (B-2)
2 81

where 2, b, ¢, and d are defined in (24) and where J,and p are the z-component of the RF electron
beam current density and the RF spacc-chargc‘ density, respectively. For the case of no electron beam,

we have:

ViEzo +3,E,=bH, (B-3)
ViH,, +c,H,, =d,E, ’ (B-4)

where 2y, by, ¢y and dy denote the parameters for the case when the beam is absent, and similarly for E g

and HZO'

From (B-1)-(B-4), we obtain the dispersion equations respectively:
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& (k7 - k2VP, + jou,e, (k, - keo)Pye = —jou,e, [[7.Eds + J:’:- [[pEas  (B-5)

| e

To obtain (B-5) and (B-6), the following assumptions have been made:

&(k? = k%), - jwe,e,e, (k, = ko) Pey = [[(V x J) - Hyds + e, [[pH:,ds (B-6)

Py = [[E, -Elds= [[E.o Es | (B-7)
Py = [[H, Hds = [[H.- Hyds (B-8)
Pue = [[H, Elds= [[H. - ELds (B-9)
Pey = [[E, - Hds = [[E.o - Hyas ~ (B-10)

NVe) £oto= [[(vie ) £pas o
[ f(viH,)-H;,,ds= | f(ViH:O)-H:Ods | "

These assumptions are commonly used for linear theory when the influence of the electron beam on the

field profile is negligible.

2. For Transverse Interactions
The same procedures can be used to obtain the dispersion equations for transverse interactions: -

*"':'(/‘z2 "kxzo)Ps‘ +jw/‘o£z(k: - k:O)PHEL' +a’#o(53 — ¢ )(k: ‘k:o)PEH =

4

S -. B-16
~jope, [[7, .Emds-ei [[(v.0), -E..as (B19
/]
and
(k’ -k_.zo)P,,‘ —jw€o5z(k; "‘k:o)PEH, = _U(V X ‘7)1 'ﬁ;"ds— (B-17)
we, (&, - &)k, - k:o)”(é: X Ei)'ﬁ;ods ‘
where:

P, = .UEl E ds= Hfl(,-fj(,ds




Py, = [[H, A ds= ([, A,ds
H Pue, = _UF[L -E s = HFIJ.O - Eods
Py, = [[E.-Hids= [[E o A ods (B-18)

Similar procedures combined with the methodology used in Section IV can be used for the formulation

of electron beam-wave interactions in a plasma filled corrugated waveguide.

Appendix C. Field Expressions and Dispersion Relations for a

Simplified MPW with a Solid Electron Beam

In order to derive the dispersion relations for electron beam-wave interactions for a solid beam
in an MPW with the ion-channel taken into account, we need to know the unperturbed plasma field
distribution. The cross section diagram is sho;vn in Fig. 1(a). According to the approach used in this
paper (in both Part I and Part II), we calculate the unperturbed phase constant k,, for wave propagation
in the waveguide system without a beam. ‘In the MPW with the ion-channel taken into account, the
unperturbed field E,, , E,, and k,, can be found by using the conﬁg-uration shown in Fig. 1(b). This
is our simplified MPW model, only used for calculating the unpenﬁrbed field that interacts with the

electron beam.

The field expressions for the simplificd MPW model for a solid beam are as follows:

In Région IL:

E,=BJ, (pR) (C-1)

H, =B,J, (pR) (C-2)

E,= Jy{-jk,pB,J;(pR)+prZB:JM(pR)} (C-3.)
p r
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1 . m . -
E,= ?{—jk, ~ BiJu(PR) + jou, pB,J,, (PR)}

1 ) . m
H,= 7{- Jou,pB,J, (pR) +k, —B.J, (pR)}

1 m .
H, = '—z{' wg, — B,J,,(PR) - jk.pB,J,, (pR)}

©

In Region I:
E, = Al_‘]m(le) + Asz(PnR) + As']m(sz) +A4, N,.(P:R)

H,=AhJ, (pR)+ A,h N, (p,R)+ Ay J, (p,R) + A,h, N, (p,R)

1 : . . ~ .
£ = B{—jk:Kz[A,p,Jm(p,R)-f- Azple(plls)“'" 4,p,J,(p;R)+ A, p, N, (sz)]
- k= [,4 J.(D,R)+ A, N, (p,R) + 4, J (P R) + AN, (p,R)] + ok

[‘41h1P1J;(P|R) + Ak N;.(PnR) + Ay pyJ,, (P, R) + Ahyp,N,, (PzR)] + o K f’r_l

[44,J.(p\R) + 4,1, N, (p,R) + Ay (p,R) + A,h, N, (P, R)]}

1
E, ‘B :K;[ 1P1J (PIR)+A2PIN (le)+A3p2J (p,R)+A4p,N (PzR)]

+k:K’7[A,J,,(p,R)+A2N_(p,R)+A,J.(pZR)+A‘Nm(sz)]+ja)/zoKz
[4.5,0, 2 (2 RY+ A N (9, R) + Ayhy py - (pyR) % Ay py N (. R+ jouk} =

[4.1,7.(p,R) + 4,1, N, (p,R) + A,h,J (p,R)+ A,h,N, (p,R)]

] . . . .
H, =5l 0ae K[ AnT. (PR + 40N (P R)+ 4,5, (5, R)+ Ap, N (p,R)]

. W\ M >
- we, (6K - £‘K;)7[A,J,,(p,R)+ AN (P R) + A, (p,R) + AN, (p,R)]+ jk K

am

[44,p,J.(P,R)+ A,h, N (p,R) + Ak, p, T (psR) + Ay py N, (PR - jk kG =

(41,4, (p,R) + A,k N (p,R) + Ash,J, (p,R) + A h, N, (p,R)]}
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(C-4)

(C-5)

(C-6)

(C-7)

(C-8)

(C-9)

(C-10)

(C-11)




1 . . , .
Hy=> (- jogy(e,K? ~ £, KD A pJ. (9 R) + 4N (DR + A, pyJ s (P,R) + A, p, N (p,R)]

) m
"J“’Eo*:gkz2 7[’41‘,.. (p\R)+ AN, (pR)+ 4,J,,(p,R)+ AN, (PzR)]"' kzk:

[Alhlpl‘];v (pR)+ 4,1, N, (p,R) + A;h, p,J, (P, R) + Ah, p, N, (PzR)]+ k.K? ’*:'
(4,8, (p,R)+ A,k N (p,R) + A1, J (P, R) + A 0N, (p,R)]

The boundary conditions are:

atR=a: E/ =0, E}=0
atR=Ri: E!=E!, El=E!
I opylt yl _ oyl
H =H], H,=H,

By using (C-7)-(C-12), the dispersion relation for Region I becomes:

a, Qa; ... a,
a (7 SN a
21 22 26
A= =0
Qg gy eeeeens Qg

where:

a, = J.(pa) a,=J.(pa) a,=N,(p) a,=N,p.a)
a,=0 a,=0

a, = (JouK*h + k,K})p,J.(pa) ay, = (jouK*h, +k,K;)p,J, (p,a)
ay = (jouK*h +k.K})p N (pa) ay =(jouK*h, +k,K})p N, (p.a)

@,y =0 a,,=0

a, =J,(pa) ay,=J.(p,R) a,=N,(pR) a,=N_p,R)
a,, =0 a, =0

a,=hJ,(pa) a,=hJ, (p,R) a,=hN_(pR) a,=hN,(p.R)

=0 a,=0

- Y5 -

(C-12)

(C-13)

(C-14)

(C-15)




. . . m
as; = (jouK’h; + k,K})p,J, (p,R,) - (Jou,K*h; +k,K:)IJm(sz,)

[

. . . 5 m
8y, = (jou,Kh, t kKON (p;R) - op,Kh +k:1<§)p,7€N,,(p,R,.)
1 m %) .
Qs =~k o Ju(PR) ay = L0 (pR))
i p
] . - * . 2 .
a,; =B{["ngo(5xl\2 _gzk:)+k;k‘2hl]p1Jm(iji)+Ua)€()£2kg -Azk;hl)%Jm(PjR, )}

] . ) - ) T m
Qy .3 =B{[—jw£0(£,1{2 —52k§)+kzk;h, ]p}.Nm(ij,.)+(/a)so£2k; -K k:hl)}.. Nm(ij‘ )}

I

1. .
ay =— jwe,J, (pR,)

m

R,

i

k, —J.(PR;)

a“=

ST

For longitudinal interactions we only need the k_, term, but for transverse interactions, we also

need to know the constants A,, A,, A,, A, and B,, B,, which can be found by using the boundary

conditions (C-13) and (C-14).
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FIGURE CAPTIONS

Figure 1. lon-channels produced by a solid (a) and hollow (b) high density electron beam in an MPW.

Figure 2. Simplified models for the study of beam-wave interactions in a plasma waveguide with an
ion-channel (a) for a solid beam and (b) for a hollow beam.

Figure 3. Schematic structure of a hollow waveguide with an annular plasma and electron-beam.

Figure 4. Dispersion relation for the HEQ] mode for different values of np. (vQ and c are the speed of
the electron beam and of light, respectively.)

Figure 5. Dispersion relation for the HE|] mode for different values of np.

(Note that the cut-off frequency is not zero.)

Figure 6. The real part of k R, for the HEQ] mode vs the operating frequency.

Figure 7. The imaginary part of k, R, showing the spatial growth rate of the HE(Q] mode vs the
operating ﬁequenC};.

Figure 8. The real part of k, R, of the HE]] mode vs the operating frequency.

Figure 9. The imaginary part of &, R, showing the spatial growth rate for the HE1 mode vs the
operating frequency.

Figure A-1. A typical plot of dispersion curves (Bg=0.175T, mp=1.85x10105'1 » Re=1.5cm)
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I. Introduction

In Part I of this paper, the general theory of electron-bean-wave interactions in and dispersion
relations for a waveguide filled with plasma immersed in a finite magnetic ficld (MPW) have been
presented. In this second part, kinetic theory is used for analyzing the electron beam. while the plasma
hackground is still treated using fluid theorv. In what follows, the kinetic theory of beam-wave interactions
in a smooth-walled MPW is given in Section I1. while that for a corrugated MPW' is given in Section 1il.
The kinetic theory of a plasma-filled Electron Cyvclotron Resonance Maser (ECRM) is given in Section 1V,
Section V deals briefly with the combination of Cherenkov and Cyclotron (TWT/BWO-Cyvclotron)
resonance interactions. Section V1 deals with transverse beam-wave interactions with an ion-channcl taken
mto account. In Section VII, sample numerical calculations for a plasma-filled ECRM are given. Dctailed
discussions and conclusions are presented in Section VIIT. The most clumbcrsome portions of these

calculations are relegated to Appendices A. B, and C in order to streamline the flow of the paper.

II. Kinetic Theory of E-Beam/Wave Interactions in a Smoothwalled MPW

The dispersion equations for electron-beam-wave interactions in a smoothwalled MPW' have
been derived in Part I of this paper using fluid models for both heam and plasma. Now beam kinetic
theory' is used to obtain the dispersion equations.

A. For Longitudinal Interactions

The dispersion equation for longitudinal interactions in an MPW is given by (06) in Part | [1]

. . k. .
£y(k] = k)P + jopgEs (k, =k o YPye = = jaru,e, J’-l: Eods + Ig_ JP,E,,,(I'S (1
0



!

'\

where P, and P, are defined by (70) in Part I[1]. /, and p, are now calculated using kinetic theory, as

follows:

J,=~e[f,-Ledp 2)

my.,

p == [ fip | &

where , is the perturbed distribution function [3]:

e [ 8 g
[, =-e _fdr [(E,, + B,)if;- +(E, - v,,B,)g" J &)

where 1, is the equilibrium distribution function. 1f there is no transverse motion, f» can be chosen to

take the fonm [4]:

fo= é"’; &(p. = Po)O(R. = R) (3)
where: ‘
0 (x<0
O(x) = { (x<0)
I (x>0)
Thus /, can he rewritten as: /
! fl__._e'IE;on_d,':__ﬂ_iTo_ (6)
2. (w—k,) B, -

Afler integration in momentum space, we get:

> b . 2 ,
JE @,
J.=-e |dp, dp= =2t _F 2l
_[F.'[ o ¢ (—krv,)
= (’]{] Ijn’# .. jk:gomi E )
pl 2 p:n It ((Z)-k:\':o): “z ¢

where o. is defined by (71) in Part 1 [1]. The dispersion relation fer longitudinal interactions (1) then

becomes:




w, (k’e,~k})P,
(@=-k,v,)?

63(/(3 - kzzo)PE +.f(€’/‘o€2(kx = l":o)pnf.‘ =

This is identical to the dispersion equation derived using fluid theory {Part L. (79)}.

B. For Transverse Interactions
For transverse interactions, the dispersion equation is given by (82) in Part I as (1]:

Fi(;‘-z —k:zn)P}:, +j(’)//f»£:(k: _k:n)PHE +

Wit (&, — & Nk, -k, o) Py, = /()IIFI ~Emdc—-—J' u"’ - Eqds
where:

=-e I(/p J’pidpl Jd¢/

n7’
p= —eI{fp, :Imdm zjd ¢,
_-Jm[p S AR m)
e P R,
i onl 52

)

(n

(13)

The integration should be taken along an unperturbed orbit. and f,, is the equilibrium distribution function.

Forahollow gyrating beam. a proper /4 function can be written as [4];

n
./n = 2 . (7(,7: —P:ﬂ)(g(P,l - [7“,)

/i 10

Since they are lincarly dependent on the field components, /; and ./, can be divided into four pants;

(19




f|=fn+f|2+fup+fnzp ‘

15
Jo=Jpy+Jp+Jy,+Jp, (13)
where:
.=—ej(1’[ (E, +v,B, )(7 - B Q:o-] ! (16)
J 2 [. 4 Rl «l ¢ C?’J,,J N
a . |
£, =—e Id, ~(E,=v,B,) 2 -
f o l- ¢2 R2 R2 C]?J
' A - 7% I
fyr=-e fdz[(f: +1-:B,,ir)(jj—)j—\-"3m5°-—l ' (18)
v [ . g,
/flzp [d’l_(EHr'H BR’ r}] vdBRIﬁ -é,oJ - 19
- ps o
Jj=-e jdp j/’ldm IdsszJ =-27e [dp, [Lslrpap (20)
- myy AN A7 4 :
Jyn =27 [dp, | ’j*l”" f2dp, Q1) -
4] 0}’
Jap =—2re Idp Jlj;pl’ J1ip4p, S (22)
0 n)’
Ty, = =27 jdp j’,’;’: is,p, (23)
0

Suhstituting the fizld component expressions (A-2)-(A-0) of Part | [1] and integrating in momentum space,

we obtain:

,-_:te Zj—poh p.Kv {(a) é r )(7/ +p, R J, ) “é}lzu(k’—kf )}fodﬁ (24)




! c mi

f—w}=-’-”€’Zf%ﬂoh;ki"'w,{(ﬁ)—}%&—)(2/ +pR.J.)- ﬂ‘ (0t ki) fdp (25)

s, A

= — 27} ZJ’ {K 2 (4 PR K - KBE)

2 (26)
_ﬁg:)_‘{m (k__m/\’?rnm,(e, =D+ Do, - I\':rz))'}foa’}i
= —j2xe’ Zj [ ~-&.k kf.) ("J;m. +p‘R,Jm)
) 27

Y mi i ( m

: +r,:k;ﬂ Klo (J_ +p.R.J. )}+g-/l O [il[(l\ -k )pR r _mk;Jm,.]}fndﬁ

where A"and D are defined by (27) in Part I [1]. When the effect of space charge is omitted, the dispersion

equation for transverse interactions given by (82) in Part I can be rewritten as:

.(k. k )PFJ."'J(‘)/’n (1‘ =k, )P/ﬂu'*'miuo(g ‘5)'

W] we, — A rQ | (.28)
(k:_k:o)pem ZHZLH;OZF L—‘ Q'BlJ/,,,.

Q=w-kyv, -, (29
Q= Qn + le + an + an (30)
Q, =0, + 0y + Qn,v + &y 31

where the detailed expressions for all eight Ocomponents may be found in (A-1) - (A-8) in Appendix A.

L Kinetic Theory of E-Beam/Wave Interactions in a Corrugated MPW

For a corrugated waveguide, the dispersion equation for longitudinal interactions is given by
(78)1in Pant | as:

< O (k7 £ -k’ Rl

ng(k:.x - I"xzo.t)PE.; + jm//oe:,(k:_, _kzn.;)Pm'.« = Q—E“_——‘““‘_— (32)
' : ' P=K., _-n)




The dispersion equation for transverse interactions is seen from (28) above to be:

ZEI’(I{:I - kzzﬁ.x ) PEJ..J + .j(l)ljf!gZ(k:.x - k:o.; )PHE.LJ + 0#0(83 - 8‘) :

s

where
0= 200, + 0 + Oy + 00y (34)
0, = 2.(0 + O, + Oy, + Oss, ) (35)

s

and I, Pyg . Py, are defined by (B-8) - (B-10) in Part 1 [1]. To obtain Q,, and Q,,we need only

replace &, by k., and k., by k,,, in the relevant equations. In fact, we know that:
3 5 4ns
k:.: - kzo.: = (k: - k:ﬂ) Zk:n + T = 2k:0.: (k - k.-n) (36)

k' - k:OJ = k: - k:o V (37)

2.8

This dispersion equation can be simplified further if desired.

IV. Plasma -Filled Electron Cyclotron Mascr (ECRM)

For the plasma-filled clectron cyclotron maser, electrons gyrate around guiding centers with
small cyclic orbits. The dispersion equation is given by (82) in Part ] as:

&(kf - kf,,)P“ + jog,e, (k. - k:")P”E, +

, I . 1 J’ . (38)
uo(‘g)-gl)(k: -k_-n)PEH‘ = - jwpE, ), ’Ennd'(": (vip)ﬂ Epads
o

Neglecting the space-charge term, the main problem is to calculate the temm, ” Jp+ Eqds . By means of

kinetic theory [2]. we have:




J=-c jdﬁ[ f, _7’-] (39)

my
which yields:
J,=-e jdp: J'pld'pl quﬁf, Lo ' (40)
. - [ 4] ,nn},
p==e[dp, [p.dp, [dg, 40
- 0 4] .

where the perturbed distribution function is [4], [3):

fi=-e 'jdr(é,' +TxB)V f,=-e :[dr'[(E,', +v.B, )(ﬁ+ g

- \ Do R, )
Y N R I G )
(E, \,,B,)ﬁ)‘;' (E, + v, :B,,)p,‘] Hi "VJ

The integration should be taken along an unperturbed orbit. and f, is the equilibrium distibution function.

!

1
fo= mﬁ(ﬂ = P:)O(p, = P1a)0(R, = Ry) (43)

where R, is the radius of the guiding center of the electron beam. Since the field can be sphit into four

pans. we get:

Eg=FEp+Epy+ Eny + E,py,.etc, (44)
.fl=.fll+./.|7+.fllr+./’12p (45)
' -/n=Jm+Jn:+'/m,-+'lﬂ:p (46)

Thus,

[[1e-Evds = [[(InEar4 JoFy + JoEmp 4T Enyy + Jeny Ey + Jouy Eneot Sy Ery, + .

TmiEnz* o by + ImEpy + JoEprp+ JﬂzE;tzp +Joy Ep + ‘/nz,‘Er.': + jnsz;up + -”nz,.E‘n)

ot Lo vl o S




.. e ————

Equations (44)-(47) indicate (‘.that the clectric ficld of the wave is split into four components:

EoEgy Eqprand E,y, . Eq and E,, are the TE-like and TM-like field components. respectively,
while £, and Ep, are the ‘TE-like’ and ‘TM-like’ ficld components due to the plasma background

respectively. frf,,,f,:._ np and J12, ac the four components of the perturbed distribution function

comesponding 10 EnEgyFopy+ and Fpo, . respectively.  J,, and J,, are excited by the ficld
cc;mponems due to the plasma background for TE-like and TM-like fields, respectively. It should be
rememhered that when plasma is absent. J5,, and Ja,, disappear while /5, and Jp, remain but are
decoupled and can exist independently.

When the plasma is absent, @, = 0. For TE modcs, only £, # 0 and (47) thus becomes:
[[o-Eads = [[Jn-Eqyds 49)

With P, = P, =0.g, =15 (38) thus hecomes:

)l .
kl-kl =-j —# “ Ty, Epds (49)
E

This is the same as that for the vacuum ECRM case [6] and (83) of [1]. Correspondingly. for TM modes,

onhv 7. 2 0 and (38) then becomes:
@ .
k: "'k:o ==l 'i,él-o ”-ln: - Epds (30
13

Equation (50) is exactly that given for TM modes in [4]. In (49) and (50):

N

» _W s

k:0= 2 -Ark
c

(51

-

/

-—




2 ‘/2
'l;";" for TE, but k2, = 7?"'% for TM.  #,,, and v,, are the roots of J,(x)=0 and

r

. E)
while &,

J(x)=0, respectively.
In order to solve (38), we must first calculate (47) which requires all the listed ficld and current
density components. These are presented in Appendix B. Afler substituting all those terms into (47 and

then inserting the resultant into (3R), we can then rewrite the general dispersion relation for a plasma-filled

ECRM as:
ea(kz - /(::'o)P[l + ./-(,>/ln£3(k_. - k:n) Py, +opy (e, - Nk, -k, )P
2r B 9n A n,[ﬂ_fz_/f_f] . oy
CY Vi i D Ql QI' m-f
where:
I = 7;||+7;a|p|+7;121+7;az,.| (3
7:=7;’I2+7;7|p2+7;’22+7;?2p2 o
Q=e-kyv,-lo, (54)
i =N\ Ii —dr W\ =12 | (55)
‘]M-I.i =J..(PR,y)
[ A =1
A‘-= _Jm(pZR()A _2 ) (56)
Jn(ler) t=

where 4.4 can be found from the dispersion equation given in Appendix A of Part . All eight of the
tedious T coelicients may be found in Appendix A at the end of this paper. Equations (52) through (36) are
the general dispersion equations for a plasma-filled ECRM. They are also valid for the vacuum case. In

fact when o, =0, we get the same dispersion equation as that given in [4].
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A. Coupled Longitudinal Interactions

As mentioned above for an MPW. the TE and TM modes are always coupled. Transverse and longitudinal
interactions, therefore, always coexist with each other. Thus the dispersion equation for longitudinal
interactions in a plasma-filled ECRM should be taken into account simultaneously. The dispersion

equation for such longitudinal interactions is given by (66) in Part [ as:

£k} - kfo)PE + jeptasy(k, = ko) Py = = jos1,8, ”J: Elds+ i—{\—— HpE;d’s (57)
0

Here, J. may be calculated using kinetic theory as.

T T P T, tr.p, .
J,=-e [dp. [p,dp, [ddf, =2 fan. [ Ut St fon oy (59
[ 0 0 - 0 0

By integrating through momentum space, we obtain the full expressions for:
J: =le +‘]:2 +J:lp+‘,:2p hd (59)

These are given in (B-29) — (B-32) in Appendix B. Substituting (B-29)-(B-32) into (57) and neg]eding the

space charge term, we get the dispersion equations for the accompanying longitudinal interactions as:

53(".-2 ‘k:zo)PE + Jou,&, (kx —k:n)Pnr. =

C:)' Vie 7D Q, le

2 (60)

h m-HI

where T1,.T1, are given in Appendix B, (B-34), (B-25). Equation (60) is always accompanied by (52).
From the above formulation. we can see that although the dispersion equations of a plasma-

filled ECRM are very complicated. the structure remains unchanged. First. there are still two main terms:

-1 -2 . . .
(0=-kyv,-lw,)” and (@ -k, =lw,)"  justasin the vacuum ECRM case. Second. since there arc

four parts of the wave field and four parts of the RF current. the term J./ - Eds has sixteen terms. This
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makes the equations very tedions, but the physical lines are still clear. Third, we can see clearly that,
looking at the TM-like and TE-like parts separately, the structures of the dispersion equations are simi)ar to
that of the vacuum case.  Also when the plasma is absent. the equations reduce to that for the vacuum casc.
Fourth, the most important difference between the plasma-filled and the vacuum case is that some of the
tenms associated with the parts of the field produced by the plasma background are imaginary. These terms
not only make the digpersion equations complicated but also cause aﬁ nstability different from that in the
vacuum case. Finally, the most essential difference is that the ECRM interactions are always accompanicd

by and coupled with the corresponding longitudinal interactions.

B. Interactions in a Corrugated MPW

The above equations are for a smooth waveguide. For a periodic structure and neglecting the

space-charge term, (38) and (40) simply become:

ek, k) Pes, + oot (k. = ko) Pags, + 06 ~ )., = o) Pry,
=-z;{,-mpoe. HJ,.‘,.E;.,ds] | o
and:
Jos = -e:{dﬂ.. ]mdm zjr/m, _% (62)
where:
f,,=—e_Idt(§,.,+T xé;_,)-vp.fo_—ejm{(z,,,m B ){Z: }%:ﬂ }+
5 R (63)
(E.,-v.B, )(? ~(E, +v,B., - v Bp,)pp p're( ﬂ‘”
Similarly:
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Eﬂ,: = Eﬂl.x + ERZ.: + Eﬂlp.: + Eﬁ?p,: ((‘4)
.fl.s = ./-II..v + ./Ill..t + ,/llp.s +./‘12p..v : (()5)
J0.s = JRI.: + JRB.: + Jﬂlp.x + '/02 r.s (66)

Z I ‘] E (Jv = Z J:[(JRI.SE;I.: + Jﬂl.xE;’ (] + /m tEmp £ JGI.xE;zp‘s + Jﬂlr.sf‘?ﬂ.x +

‘lﬂlrtEl” +J{7|psEﬂlp:+'/ﬂlp¢Eﬁ‘r\'+'lﬁ’(EﬂIJ+Jﬂ’ Eﬂ’t+'/ﬂ"‘Fﬂlr,}+ (67)
"]ﬁ’v F‘p:+J9’psEﬂl: ﬁ"ptEP’ +Jﬂ’pJEﬂlp:+‘]0’ptEﬁ’ ")d?

Ir{r"

. . F- o

If only <eekmo the resonance term, one nced simply delcte the Z in the equations and replace the
s

arguments in J,,-J,‘,.J,,,_,,- by p.oand p. R . These procedures parallel those we followed to obtain
g 3 Dis I8, p p

(52). Therefore. it is not surprising that the dispersion relation that emerges is similar 10 (52) where we

replaceallkzby k,, =k, + g—LE and replace Ai/ by Ail s the s-th harmonic, and obtain:

&, Z{( ) £Ls t JOUGE (1‘ rs k:o.s)Pl(l?m+w/‘o(53"5|)(k:.; k. )PI(I;',LJ}
2,2 AlzJ T.: T :ﬂz (68)
ereons T3 i BT
For the accompanying longitudinal interactions, we have:
Z[g\ - -o: £s T j(‘)ﬂt)g} (k:.s - k:o.s )PHE..‘ }=
, A2, [, m,pp, (69)
an’e’ wu,e, ZZ i _h.A, B, .0 ,,|
ol l s gzl s
J=>J, (70)
Y S S )
-?ld/’: J pydp, J"Q’fl,. y (71




E: = Z E:.s = Z(E:I.J + E:!.s) (72)
flt = ./Il.: +. 12.s +.fllp.x +.f12r.x (73)
: : . . 2ns e
where again A, is the amplitude of s-th harmonic and k, =k, +-E—. For simplicity, in the above

equations one need only take the s-hannonic. It should be noted here that when 1, = R, . all the results

given here are still valid.

V. On the Combination of Transverse and Longitudinal Interactions
The combination of Cherenkov radiation and the electron cyclotron resonance instability is
presented in [7]. It is important to mention this kind of wave instabifity here also. From the kinetic theory
of the ECRM and accompanying longitudinal interactions given in thé above section, we can see that. if
there is ransverse electron motion, then both transverse and longimdi.nal interactions can co-exist under the
condition:
Q=w-kv,-lo, =0 or Q =w-k, v,-lw ~0 (74)
It should be emphasized here that the coexistence (or combination) of transverse and
longitudinal interactions (ECRM  and Cherenkov or ECRM and BWO. for example) is one of the most
significant features for electron beam-wave interactions in an MPW. Now, since there is transverse electron

motion. the singularity isalsoat Q=m—k.v, 1o, =0 for the coupled longitudinal intcractions.

-14-




V1. Dispersion Equations For Transverse Interactions with an Jon-Channel Taken

into Account

We now tum our attention to the case of transverse interactions with an ion-channe] taken into
consideration. We refer to the simplified model deﬁiclcd in Fig. 1b of Part I with @ defined as the MPW
radius, R, the ion channel radius. and A the radius of the thin hollow e-beam [1]. Here. we only consider the
simple condition when n,>>n, R:/b. For this case, the ion-channel completely fills the MPW outside the
beam so that the radius of the jon-channel, R, is equal to the radius of the waveguide. a. This leaves only
two regions to consider. Region I is the ion-channel volume outside the hollow beam (h<R<a) and Region
T is the plasma volume inside the hollow beam (R<b). The field components i'n Region I and Reéion It are
presented in Appendix C. As is given in (] I);(15) in Part I, the ficld components in Region 1 can be

expressed as follows:

E, =Em+En+Ekpa +ER[12 (75)
E,=E,+E,+E_+E_, (76)
Hy=Hy+ Hpy+ Hyy + Hyp,y 77
Hy=H,+H,+H_+H_, 8
E A’ T ;E A" P
L 5] 1 ZRrpi T T (79)
4 4,
Eﬂ = 5 T‘.‘l‘ Eqn' = —b— ,)20 (80)
i Ai
I.]Rr —BT\:;]{ﬂpi = BR: (8])
A A
HWZBTH'HM =—5ff,,. (82)

where the T and P coefTicients are defined by (C-3) in Appendix C.
From the above equations, we can see that the ficld components are also split into four types:

TE-like, TM-like, and plasma-pmduced TE-like and TM-like parts. There are important differences. The

-15-




amplitude of each component is connected with the others through the 7 and P coeflicients (see Appendix
C). This shows that the influence of the plasma on the wave field is strong when an ion-channe] is formed.
The beam-wave interactions, therefore, become much more complicated.

Now we present the kinetic theory treatment of the ECRM filled with magnetized plasma with
an ion-channe! taken into account. Since the interactions take pl.ace in the ion-channel region. simple
mathematics yields the dispersion equation:

(k2 = k2P, = = jeous, [J,E.ds (83)
for large ortit transverse interactions, and

(kf —k:O)PE =-jou, Y. I.I,,E,;dS | (84)
!

for the ECRM instability. By means of kinetic theory, we can obtain:

f|=fu+.f|2+ Iy _ - . (85)

where f;, = eL dl{[Ea + UZB;]-ZTO- + (E" + UeB;i)gg}

='5’;—" {[Ea o, Bn.]% +(E, + ueaﬁ)%} (86)

(i=1234/0rE,. B i =12 forE,,)

We then get:

-~

/_Z/-

e v o S, 2]
! P (87)

"
_5{7 [I"ﬁigm +B kv, +kf,E, ~kE, }
(]

Finally we can substitute this into (83) and get the dispersion equation for the ECRM as follows:
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2 N
12y QO o gV
(k; = k)= —g—ﬂz[gl‘ %—}M (88)

where
Q= Q| + Q:,; = ””l + H"z (89)

Al . Al .
Q == (kf, =k I, + pr.J ), + _,—-:“(kﬂr =k )N, +pr. NIN,, (90)

Te

O, = jAtop(@ = k0, N2, + pr.J), ., + jAup(@ =k v )N, + pr.NON, ., (9]

. wof, k.c
"= PZ[‘__I _—-')(AIJIJm—I + AleNm-/) (92)
B, B
W, = ju,p(w® = kic* YA, J,, + ANN, ) (93)
k., . . _ . -
M= ‘_'(Ax i et + AzN/Nm-l)"' ](‘wo/’(AJJ/'Jm-I + 4, Nle-f) 94
-
i =J(pr)sd ey = J i (PRy) (95)

where the A coefficients are derived in terms of the field and current density components in Appendix C.
As already mentioned, there exist coupled longitudinal interactions. The dispersion equations can be
den'vgd by a similar procedure. With the use of a simplified MPW model. we can very efliciently study
transverse interactions in an MPW with an ion-channel.
VII. Sample Numerical Calculations of the Transverse Interactions

We have calculated the characteristics of a plasma-filled ECRM in Section IV. This case
serves as a good example for illustrating the nature of transverse interactions. The dispersion relation for the
plasma-filled ECRM is given by (52) in Section TV using kinetic theory. Ancillary equations are given in

(53)-(56) and the related cumbersome coefficients are found in Appendix A.
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Several interesting points are worth noting about the plasma filled ECRM. First, for the HE,,,
mode, the dispersion curve is split into two branches; one below w=w, (cyclotron mode), the other in the
frequency range higher than w=a, (waveguide mode). Sitice no wave can propagate above the w=w), line

;{aé was indicaied in Part I]_'Iherel’ore, for the HE,;, mode. we must do two separate calculations to
characterize these two branches.

Second, for the branch below w=w, the frequency band is quite narrow and very close to the

cut-off line w=ay. Thus the calculation must be done very carefully. For the branch above w=w,, we found
that only the line of higher harmonics can touch the dispersion curve. That means that for this branch the
ECRM can only work at higher cyclotron harmonics. Our sample calculation is given for the‘second
harmonic.

Ore other special feature should be pointed out before presenting the sample calculations. For
the plasma-filled ECRM, the field depends on two eigenvalues, pi1and p,. Both p; and p, are functions of
. Therefore, the calculations based on ) seem rather complicated. It will be m_uch easier to do the same
calculations based on k.. Since we know the exact relation between @ and k.., once we get one we can
calculate the other. In the following, we deal with k. ( k. = Re(k,)+ jIm(k,) ) rather than co. The results
of these calculations are shown in Figs. 1 through 6.

Figures la and ].b show the main features of beam-wave interactions in a plasma-filled
ECRM. The specific paramelers used in this example are given in the figure captions. Fig. 1a shows the
typical dispersion curves and the beam-wave interaction plot. (See Figure A-1 in Appendix A of Part | for
more complete details.) It shows that the beam-wave interaction happens at the second harmonic with the
waveguide mode HEy,. On the other hand, Fig. 1b shows the heam-wave interaction happens at the first

harmonic with one of the cyclotron modes. 1t is clear from Figs. 1a and 1b that the plasma filled ECRM
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prefers to operate at higher harmonics. Fig. 2 shows a sample plot of the dispersion equation (for the
imaginary parts of ;). It can be seen in Figs. 3 through 6 (for the imaginary part of . ) that for higher @, or
higher @,. the dispersion curves go up rapidly. This is because the group velocity of the wave approaches
zero near the cut-off frequency. Once again, the specific parameters used for each figure are shown in the
figure captions. Figure 4 shows beam-wave interactions for the second cvclotron harmonic (/=2). for the
waveguide wave (HE, mode). Figs. 3 and 4 are for different values of the magnetic field. By (as reflected
in different values of ). Figs. 5 and 6 show the effect of different plasma background densities (as
reflected in different values of ). It can be seen that increasing the magnetic field strength may cause an
increase of the bandwidth and the growth rate of the interaction as well. Increasing the densitj of the
plasma background, on the other hand, may at first cause an increase of both growth rate and bandwidth of
the interaction, but then may cause the decay of both the growth rate and band width when @, is large. Itis
interesting to see that the vacuum case, @,=0. is intermediate.

The figures show that the growth rate of the plasma-filled case is comparable to that for the
vacuum case. It should be noted that all the calculations were for the same value of current densitv. It is
obvious that in the plasma-filled case, a much higher current density can be used than that for the vacuum

case.

As was mentioned above, the longitudinal interactions are always coupled with transverse
interactions. Longitudinal interactions may occur, in general for slow waves, therefore, for a comugated
MPW_ coupled longitudinal interactions are alwavs accompanied by transverse interaction waves.
However, for a smooth waveguide, the coupled longitudinal interactions may occ'ur either with the slow
cvclotron mode or with plasma waves (T-G modes) and with phase velocity less than the velocity of light.

Therefore. for a smooth waveguide, the operating condition for coupled longitudinal interactions is:
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w-kv,-o =0 (96)
for plasma waves. The frequency range is.between 0 and @, (Ra<w,). quever, for the ECRM, the
operating condition for a second harmonic waveguide wave is:

w-kv,-20, =0 | ‘ 97
with frequency range (@>@,). This shows that the coupled longitudina! interactions occﬁr at a different
frequency (much lower) than that for transverse interactions. It can be shown, however, that for a
corrugated waveguide, the cyclotron frequency for both longitudinal as well as for transverse interactions

can be the same. Sample calculations of coupled longitudinal interactions may be carried out by using (1)

and (9) for a plasma wave,

VIII. Conclusions

A kinetic theory treatment of electron-beam/wave interactions in an MPW, for both
longitudinal and transverse interactions in both smooth and corrugated waveguides, has been given in this
paper. At least six points from this presentation are worthy of special ernphasis.

First, although the mathematical manipulations are tedious, the structures of all the dispersion

1 1
relations are simple. They consist of two parts, one is proportional to (Q—) or[b-)( or
]

m

(1}’1) e of t(l) (1) [1)[1)) b ==k, <o,
bl =) - - =3l ==1),w :
Q,, LQ/.: ) the ofherto Q, x Q, (or Q. )\q;, e Q,=w-kyv, ~mm,
This is just like that for the familiar vacuum case.

The second most important feature of beam-wave interactions in an MPW is the coexistence or

combination of instabilities of both transverse and longitudinal interactions. This is because in such an
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MPW the TE and TM modes are always coupled so that the £ and £ 1 field components always exist

together. Due to the transverse motion in the magnetic field, the singularity of the accompanied
longitudinal interactionisat Q=@ -k, ~lw, ~0,

The third most important feature is that in the dispersion equations there are special imaginary
tenms. These terms are generated by the field parts that are produced by the plasma background. These

imaginary terms may influence the instability.

Fourth#Bnly when there is no transverse motion can we have purely longitudinal interactions.
In that case the singularity isat Q = @ ~ ko, Just as that for the TM mode in the vacuum case. s

—

- Fifth, for the plasma-filled ECRM, the most significant feature is that the beam-wave
/ 3V " ‘ .

interactions are split into two regimes: either with cyclotron modes or with waveguide modes, due to the

~

characteristics of wave propagation along an MPW. For cyclotron modes, the interaction seems difﬁcﬁlt
since there are so many dense ;'nodes. For the waveguide modes, the ECRM prefers to operate at higher
harmonics.

Finally, with the coexistent instabilities (ECRM and Cherenkov. for example). there must be
some difference in the frequency response between the two kinds of interactions. Therefore the spectral
punty of the output of a device based on an MPW will not be as good as that for a corresponding vacuum

dewvice.
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Appendix A: Cumbersome Coefficients

1. The eight Q coefficients for the dispersion equations (28)<(31) for transverse interactions in a

smooth-walled MPW

Qn = —j/'lohipikz"i (@ _k:": )(z‘l;ni + /"R '/-')'

o m (A-1)
k (k p,Jm, +K? E_J )= jouh (KPp!J". +k 7?—‘] )
0, = JHohip Ky (@7 ~c’k; )W

2 . S I (A-2)
k| kip,J.. +K? R—J —Jjouh (K p;J_. +k, —J )
i\ c

Qip = =Jouhk(@-kyv,)J, +pR.J.)

- m .. ) . . (A-3)
[kx[kxzpijmi+K:F-Imi)‘}wfuohi (szi‘] +k- J )J .
QlZp =jluohlkg‘]m(a) kIC?) [ ( ’p:‘[ +K2 J J
* (A4)
om ]
~jouh | K*pJ. +h—J
*R J
QZI = _K‘zlwr(']mi + piRrJ;n )(kg -kﬂ,.€|)‘
. . 3 e e m .. (A"S)
[ (k'le +K —R—J J jwﬂohi(K-pi Jmi+k:R_Jmi)J
0, = —.Imi[k:rol(’mn),(s, -1)- D(av, -k c? )]-
s m ' (A-0)
k.| k? el WARY ¢ -—J - jouh | K plJ +k, —J.
R, *R
’ll‘ = —[A v k; - Elk:kﬂ/’ Xz‘]lm + piR(Jl:u )+ 52k:ﬁ.'kl(‘)r (Jm' + piRr‘,»;u )]
s m (A-7)
k, k? p,Jm,+K 7?—./ ja),uoh K? p,JW +k: 7?—./
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0.y, = —k, 00 s,[(k’-k VPRI mk‘Jm]

. . A-8
[k (k’ S +K’R—J ) jwpoh,.'(K’p,.'Jm. +k,%Jm.H : (A%

[4 (4

2. The eight T coefficients for the dispersion equations (52)-(53) for a plasma-filled ECRM. -

Ton = "j,uohipiKz".L (=k,v, )(2‘];1 + pirr‘]l:‘)'

- . . . e . (A-9
’:k:(k:p,.J,,. +K? .IITJ,,.)—ja),uohi (szi']” +k: %Jﬁ)] )
Toz = JUhp, Ky (007 = Pk1) T, -
9 v e . of poa o e . (A-10
[kx(k;pi‘]li +K2i-]n)‘j""#ohi(k./’ijﬁ +k:1‘]li)] (19
r r
T;I,n = 'j/fohi!’ik:(w =k, )(J, + pi'}JI'i)'
3 o e . of 2 o e . A-11
,:k,(k;p,. Jip +K? ! J,,.) - jouh, (K’pi Ji +k} L],,)J (A1
r r
Torp2 =j,u°/1k Ji(@® -¢ k )
o e ! A-12
[kz(kxzpi‘]li ""Kz"ljjl) = Jopoh; (sz, Ji +k2 )J (12
Ty =-K'loo,(J, +prdi Xk, - kp,,g,)-
- . . - . A-13
[k,(kj pJ+K? lJ,i) - jouh, (K’ piJy +k: ! J,,.)J (A1)
r r
Tow = —Ji[ k0K lo (£, - 1) - D(av, - k¢ )]
3 . e . . Y (A-14)
k:(k;pi Ji K- Jli) - Jouh, (KZP, i kg - Jli)
r r
mpn == [k P 1(k - &k, kﬂ,,)(ZJ,, +pir, i)+£2k§ﬂ!'kla)((‘/li +P;’}J/..)]'
(A-15)

T s e I - . . , . _ve a , .
[k:(k;Pi Ji +K? ;Jn)’.la)ﬂohi (AQP;JH +k, ;Jh)]
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Toap2 = —k,a)a)(;:,[(kf —k’) Xy —Ik:.},,].

. . . - . (A-16)
[k:(k:!’i Jy +K? é‘jli) = Jouh (sz.' Ji +k, é‘]li)} :

Appendix B: Detailed Terms for Dispersion Equations for a
Plasma-Filled ECRM

1. Expressions for the Field Components in a Plasma-Filled ECRM.

According to [4], the wave field may be expanded in the guiding center coordinate system as follows:

2 = N . T . - l
’f E = z':lz A.vjzi(Pir)Jm-li(]’iR,) (B-1) \
. - fahand . ‘
|
l - 2 ® ]
} H, = Z Z AhJ, (Pi")Jm-ﬁ(PiR,) (B-2) _
ia] jo-w
- | -
! -y S k| Kip g vkt W kpd vkl )y ]
- E, 'Z”ZE —Jk| K'p,J, + s ; i) T QU Ko piJ, + '; i) Y meii (B-3)
? - A, kip ) 2 1 ou b Kin s 4 g2 IJ ; .
E,= Z”ZE k, Pidi+ K ;Jn + jouh, Py + K, ; i) 1 mei (B4)

% R

; (B-5)
jk:h:(K 2pi"]l'l + k: - Jli )}Jm—ﬁ
r

B, = i”g%{- jweo[(e,!{l - &,k; )piJ;, + £,k ’—I'J,,.]+

) / (B-6)
S . k: hl(k;pl‘/ll + K : ; Jll )}Jm-h




Equations (B-1)-(B-6) can be simplified as:

where:

E, = z Apd i o
it

H,= ZAnhiJ i et
il

E, Erl +E,2 +E'lr+E'3'I'
Ep=Em+Eq+En, +Epn,
H=H,+H,+H, +H,
Hy=Hy, +Hy+ H,

Ip + Hﬂlp

IJ

Y m=li

Erl = Z%a)ﬂﬂl’lkz 1
il

r

E,= Z 4 ("jk, K’rpiJ;i )J,,,-li

il D
4 .
S
it
Ay a2l
Erp == 3 ke 2
i /
A, . - :
Eq = Z—D'Lja)pohik7pi./”.],,,_,,~
il
A 2 !
E, = LZIBLI(:K ;J,;J,.-li
A 2
E, =Y “Liouhk:=1.J .
fp 'Z, Dj Hah o
A 1y
Epzp = Z_gk:krpi‘]"J”‘l‘
il
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& D 275 m-]i
BrZ = Aﬂﬂo (_a)g('lglK2 l Jh)Jm-h
il D
A u ) / [
B,, =; b 0 (—jk h,k: ;J,J I
A, ’ 2
Ber = ‘ID/uo (_(Ugﬁ)gl(k.: p: ‘]Ir kg- - Jh) Im»lf
!

B, = Zi‘%&k:h,/( L

Y m=li

m-li

A, ,
By, = Z g‘o (‘ngoglK-pru)J

xrg Y m-li

B,,,,=}:A"l;‘°khk’ T

By, = A’Z"° ja)eoez(k’p,J,, k? IJ )J

m=li |
it ]

where: A={ J ( P, R{)

(B-12)

(B-13)

Equations (B-7)-(B-13) clearly show that the plasma fill completely changes the wave field. .The .

e

“TE and TM mod& are always coupled.- Furthermore, there are additional parts of the wave field associated

. With k] = k’¢, that are produced by the plasma The wave field, therefore, may be divided into four

i
s

\ Eq,. for example).

2. The Perturbed Transverse Current Density Components
Since f} is linearly dependent on the wave field, we can write:

f,=f1, +f +1, + fiap

p
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. parts: TM-like, TE-like ( Eg, E,, for example), and the corresponding parts produced by the plasma (Eg,,

—

(B-14)



Thus, the perturbed distribution function also consists of four parts: f;, due to the TM-like part of wave field,

Ji2 due to the TE-like part of wave field, and ; 1p ad fi2, due to the plasma-produced parts of the wave field

that correspond to TM-like and TE-like, respectively.

f,,=-e ]dr'(§;+\"'xl§,') v 1,

TE - like r

f,,:—-ejd/(EM'xB) -V,

TAf - like p-

A (B-15)

! plasma~TE - like r

)plnsma = TAf -like P

vV /o
Therefore, we have:

Jo =1, +To +Je,p +Jm (B-16)

Jo=~e[dp-f, ”;
0

Jg = —ejd"["fn n‘l:h-;/
. o

Jnp==e[d’p-1,,, ””*7
0

(B-17)

Jop==e[d'p-f,,, le

myy

Substituting (B-9)-(B-13) into (B-14) and (B-1 5). we can find:

&, o

[ g, g,
=—,/Q D{;hp,K’,uaIL(m kv )—i+k,vl;—°—
' 7, (B-18)
1 0 .
g, }J

[’ (o k.v )+D\l}h,un/,, n;‘?;%

-27-




where:

Je Ay i, 21 I, Jo
pon e ol .0 B 2]

(B-19)
Gy 1 4, R
DJ, ==+ jK? -k =0 __ _

I y +j p: n( ﬂ// ) ﬂ C‘W l9¢ }J =¥

A,y hk? ]

Je Ay Motk | ] iz g,

= LA B L P , Do
Tor =25 "0 {f,- "[(“’ A

- (B-20)
- 1 4, 3 }
Jilw—kv | ——=——% J.
p I( 2 )]70 O-R‘ 0's¢ 1
Je il 2 ( 21 2 )]Cyo
= k kip J k ~-J,=kipJ. ||—-
-/.12;: ;Q D {[ }7, i +€ ﬂ 2 7' :pl‘]l: J(}’l
! g, 1 4, c.'-R: .
ke ,6( =J,~p;J, ) Cij—20_t, (B-21)
2oL " " é’l! PO O‘Rg a¢
2, ! 2! 2 ‘
kgkx ;Jli—'gzkﬁ// k, ;Jli_kgpi‘]li S e
Q=0-k,v, -lo, (B-22)

The further derivation is quite complicated and tedious. In order to simplify the mathematical procedure

without sacrificing the accuracy and completenession of the theory, in the next step of the calculation, the

1 of, 6R,
peaR )

contribution of this term is very small. Therefore, afier some mathematical manipulation, we can obtain:

1, (8'23)
'3 (2 uohir K ’n{(—“%') (224 proti) -2 (e -k )}Jm_,,-f,,dﬁ
! ' ),

(B-24)

Jm,=2ﬂv’ZIflﬂgh—’k;{ l (-kv, X, + prJ,)- E{J(mz-kjc’)}Jm_,i_/odiv
!

Q,
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Figure 1a. Interaction Plots for the beam with the waveguide mode HE(p;. The
following parameters were used:
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Figure 1b. Interaction Plot for the beam with the Cyclotron inode. The following parameters
were used:
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Figure 2. Interaction of the beam with the waveguide mode for the following sample
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Abstract

Basic theoretical formulations for electron beam-wave
interactions in a plasma-filled waveguide immersed in a finite
magnetic field are presented in this two-part paper.

1. The general interaction and dispersion equations of the
longitudinal and transverse interactions in both smooth and
corrugated magnetized plasma-filled waveguides are
formulated. The resultant equations are then applied to
examine the specifics of plasma Cherenkov radiation, the
plasma-filled travelling-wave-tube/backward-wave-oscillator
(TWT/BWO), the plasma-filled electron cyclotron resonance
maser(ECRM) and many types of beam-wave interactions
including those involving ion-channels. .

2. Some possible new interactions in a magnetized plasma-
filled waveguide that do not appear in previously published
papers are proposed. :

3. A detailed discussion and analysis of the physics of the
important role of the plasma background are given in the paper.

4. It is pointed out that in a magnetized plasma-filled
waveguide, there are a lot of interesting features of beam-wave
interactions, two of them are most essential. One is that the
transverse interactions are always accompanied by the
longitudinal interactions. The other is that the magnetized
plasma itself is strongly involved in the interaction mechanisms
via an additional component of the field.

This paper consists of two parts. Part I presents general
theoretical formulations of electron beam-wave interactions in a
magnetized plasma waveguide using only a fluid model for both
the plasma and beam. Part II extends the analyses of these
interaction by retaining a fluid treatment for the plasma-fill but
substituting a kinetic theory treatment for the electron beam. It
continues further to include a detailed treatment of the physical
effects of the ion channel that is formed in the plasma by an
intense electron beam. In both parts of the paper, sample
numerical calculations are presented in both parts in order to
illustrate the physics.




Part I: Fluid Model of Electron Beam-Wave
Interactions in a Magnetized Plasma-Filled
Waveguide

I. Introduction

The goal of Microwave Electronics:- To find ways to create
improved microwave devices which can provide higher output power
with higher efficiency.

Some fundamental limits: One of the most important limits is the
space charge effect. Busian Instability.

The most promising approach: Plasma fill. Pierce instability.

New results given in this paper:

(1). Magnetized plasma filling strongly changes the behaviour of wave
propagation in waveguide, TE and TM modes can no longer exist
independently, instead, there are EH and HE hybrid modes. Also, there are
two eigen-values and two corresponding eigenfunctions instead of only
the one that exists for the vacuum case or for the cases where magnetic
field Bo=0 and By—), so the field components are:

E, =AJ.(PR)+AJ,(P;R) | (1)
H, =AhJ, (p,R)+A;h,J (p,R) » (2)

Therefore, the field pattern, the cut-off frequency (thus the wave number)
and the dispersion relations are all changed. It is clear, that we could not
_ use formulations based on the TE mode or TM mode alone, if we want to
know the contribution of magnetized plasma fill.




(2). The magnetized plasma background not only strongly changes the
behaviour of wave propagation but also strongly changes the
character of the beam-wave interactions. Since the TE and TM
modes are always coupled, E, and E, always exist simultaneously. If
the electron beam has both longitudinal and transverse components of
motion, it is inherent that in a magnetized plasma filled waveguide,
the longitudinal interaction (J,~E,) and the transverse interaction
(7. -E,) are always present together. This implies that Cherenkov

type and TWT/BWO type interactions are always accompanied by
ECRM and/or gyro-peniotron type interactions.

(3). The magnetized plasma background itself is deeply involved in the
beam-wave interactions. Moreover since there are varieties of waves
that can propagate along a magnetized plasma waveguide, it is
obvious that there must exist some kind of coupling among waves
through the electron beam. This coupling may lead to some
instabilities. For example, parametric coupling may result in
instabilities. The study of this kind of instability has been presented in
[30], however, it was again based on the TM mode without taking into
consideration the fact that the TM and TE modes are always coupled
together.

(4). The dispersion characteristics of wave propagation in circular
cylindrical magnetized plasma waveguide is shown in Fig.1. The F ig.1
shows that there are at least three kinds of waves that can propagate
through the magnetized plasma waveguide: plasma waves; cyclotron
waves; waveguide waves. All these waves are electromagnetic waves,
all of them can interact with electron beam.
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Fig.1 The typical dispersion curves with Bg=0. 175T (wc/mp=1. 86),
©p=1.85X1010s71, R=1.5cm.
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II. Field Equations in Magnetized Plasma Waveguide

Permittivity tensor:

£1 Jjéy 0
E= —]82 81 0 ()
0 0 83
The field components:
E,= Z A; i
! (i=1,2) (10)

Hz = ZAihiJmi
i

N

ER=ER +Epy +ERyp + Epyp
E¢ =E¢,1 +E¢,2 +E¢,1p +E¢2p
HR =Hp) +Hpy + Hpyp + Hpyp ( (1)
Hy = Hoy +Hpy +Hpyp + Hpp |

The subscripts 1 and 2 denote the TE-like and TM-like part, respectively, and 1p and
2p denote the plasma produced TE-like and TM-like part, respectively.

For the corrugated waveguide:

Ez - Z Ez,se J {ax—k“z—mq)}
s

H. = Z H. Sej {a.r-k“z-m(v} (16)
s
So for the Eg, E,, B and B,. Where:
kg =k, +25 (s=0, £1, 2, .) (17)
LP

All the plasma produced field parts are proportional to lrgz = kzez. So, when the

plasma is absent, or the magnetic field Bo—0 or By—>o0, we have £,=0, these field parts
are vanished. And for the vacuum case, €;=0, €,=g;=1, we have TE and TM modes
independently, and the TE-like and TM-like fields automatically become the fields of
TE and TM modes, respectively.




III. General Equations Governing Electron Beam-wave

Interactions in Magnetized Plasma Waveguide
Maxwell’s equations can be written as: ‘
VxE=-jousH
VxH=jwegD+J
V-D=p \ 21
D=¢4z-E
V-B=0

Then from eq. (21), we can obtain the following two sets of equations:

A. Interaction equations expressed in terms of longitudinal

fields:
From eq. (21), we get:

k

V2E, +aE, =bH, + japgJ; -2 p 22)
€9

2 - ) F w€2 -~

Vle+cHz-dEz—(VxJ)z——;l—p (23)

Where:

N

a= (-kzz +k281)83 /bal

b= jk;wpger /&)

V"

c=—kzz+k2(a%—5%)/sl 4
d= ~jk:0)€0€2£3 /6‘1
The transverse field components may be found from E, and H,:
E, =%[- K2V E; +apok2V | Hy ~ k. k2V  E, X,
- - (25)
- jouoK2V | H, x &, + jougK? T, +opek2T | x ej.]
T 1 : . ~
H, = B[-wsoszkzzv_LEz -_]szZV_LH: —_]Cz)&'o(kéé‘z —Kzal)V_LE, x &, 06
k. k2V  H, x8, +k k2T, - jk.K2T ) xéz]
Where:
K? = k%, -k?; kl=ke;; D=K*-ky; k% = weoug
(27)

Eq. (22) can be used to study longitudinal interactions, plasma Cherenkov
radiation devices for example, while eq. (23) can be used to study transverse
interaction, electron cyclotron maser with plasma fill.




B. Interaction equations expressed in terms of transverse fields:
The beam-wave interaction equations can also be expressed in terms of the
transverse field components:

 (d-a)-kte _
V-ZLE_L + : E..L = jk:w/loé‘z i{..L +k:a),uo (8_38—1)52 XI‘_]_L
€1 €] €]
+jaJ‘uoj_|_ - U Ez Xj_L +‘—V'Lp
€1 €0€1
(36)
and:
vig, +(k2.c:3 —kzz)l?l =-jkweg6rE | +kyweg(e3-6,)6, xE | —(Vx j)l
(37)
Then E, and H, can be written as:
E,=- VxH, )& -J, 38
- WE(YE3 [( J‘) ‘ ‘] (38)
Hy=—L (vxE,).¢ 39
z w/‘O( .L) €; (39)

Eq. (40) has been used for the kinetic theory of ECRM with space charge taken into
consideration. Equations (38) and (39) remain unchanged.

The above obtained general interaction equations may cover almost all kinds of
interactions in a smooth waveguide with and/or without plasma fill. Which interaction
equation is preferred to be used depends on the specific case and the convenience of
the author.

It should be pointed out at this point that, because the TE and TM modes are
always coupled to each other, the longitudinal and the transverse interactions are also
both present if the transverse electron motion is existent.

IV. Beam-wave interactions in A corrugated magnetized plasma
waveguide
Wave propagation along a corrugated magnetized plasma waveguide has been
studied'“”M*!). According to Floquet’s theorem, the fields should be expanded:

E=Y Ee/hs
s

I (46)
H= Z H s€ IR
R
Where:;
ke =kyg +2_L’E (47)

L is the spatial period, and s is the spatial harmonic number.
We can also find the interaction equations expressed in terms of longitudinal as
well as transverse field components.




A. Longitudinal fields expressions:

. Jk
Z (V,zLE:,s +aE:,s) = Z(bst,s +./w.u0‘]:,s i ps) (48)
s Ky 8081 )
v? = _(vxJ) %252
Z( 1Hzs +csH:,s) = Z diE. g (V X Js)z o Ps (49)
s s :

Where:

\

as = (-k_.z_s +k2£1)£3 /&y
bs = jk: swpoer / £)

Cs =—k,2.s+k2(af—£%)/gl (50)

ds = - jk; swege263/ 61 |
The transverse field components E 1.5 and H 1 s may be found from eq. (25)
and eq. (26) only need to replace k., K? D and J, by ks, KS2 , D, and J. ,, respectively.
Where:
K:Z.s =k2£1—k§s; D:.s=Kis—kg (51)
Eq. (48) can be used in plasma filled devices like the TWT and BWO, and eq. (49) can
be used for a plasma filled ECRM in periodic system.

B. Transverse fields expressions:

2 2 2 '
€1 ‘52)‘1‘:,553 - Jk.ougey = .=
Ejs|=2|—/——= LH|  +jougd g+

A
Z VlEl,S+
s €1

)

€1

i)

OUNEY - = \Y
,UO 2 e: xJ_Ls+ _LpS
&1 €€

E3— & -
ky swpg (—3'—1—)'52 xH, -
: £ ,
(58)
and:

};[Viﬁu +(kza3 - ki,)ﬁ_,.,]=

Z[—jkmmeoa:ﬁ;., +k,we,(¢;, - £, )8, xE, - (V x j,) ] (59)

|

The longitudinal field components E., and H,, can be found by the same replacement
mentioned before.

The interaction equations obtained above can be used for linear and non-linear
beam-wave interactions in general cases including both vacuum and plasma fill. It
should be also pointed out that the longitudinal and transverse interactions are both
present also in a periodic structure provided that transverse electron motion exists.




V. Dispersion equations of electron beam-wave interactions
in magnetized plasma waveguide by means of fluid
theory

Based on the interaction equations given in the last section, the dispersion
equations of different kinds of beam-wave interactions in a magnetized plasma
waveguide can be obtained.

A. Dispersion equations of longitudinal interactions:
From eq. (22), we can get the following dispersion equations:

k.
83(1‘:2 - k:ZO)PE + jopoey (k; ~ ko) Pyg = -jw#oé’lﬂ.JzE;ofiV+J€—0'”PE.:odS

(66)
Plasma Cherenkov radiation devices are typical longitudinal interactions.
From eq. (22), making use of the continuity equation and by means of a fluid model for
the electron beam, we obtain
J,=j _%_ E, . (68)
(a’ kzvo)®
We can write the dispersion equations (66) as:

wg(elkz - kzz)

53(/‘.-2 - kzzo)PE + japosy(k; — ky0) Py = Pr (69)

(w - k:V0)2
Where:
Pg =[[E, - Eods
(70)
Py = [[ H; - Ezods
The solutions of eq.(69) can be obtained easily:
1 .
ke = - {—Jw#oezPHE +{-0? u3e} P +
)
dey+—2b _lp
(a) - k:VO)
12
wg 2 _ wgslkz
4 &3+ ————— P k2063 PE + joposy Pupkzo + ———— Pg
@ - kv 7 (@ - k.vg)
(72)
From eq. (72), we can get the instability criteria for plasma Cherenkov radiation:
2 2 2
) Pyr i ek
4 &3 +————- PE k.083 +_ja)ﬂ082 —-—k.o b7l 3 <0)2[1(2)€%P§{E
(0) k. vo) PE (a) - k:vo)
(73)
9




B. The dispersion equations for TWT/BWO

In a TWT or BWO, a corrugated waveguide is often used. From eq. (48),
we obtain:

2[83 (kzz.s - k:.?O.s)PE,s +jougE, (kz.s 'kzo.s)PHE.s] =
s

i 7 (77
. * Jl‘z *
Z[‘Jwﬂogl [[:Ezods + 2 [[ pEzods
N J
and eq. (77) can be momodified as
: [ 2. .2 _ .2
o, letk” -k
2 ‘ b( ! --S)
2[53(k:2,s - k:O,s)PE.s + JWHE (k:,s - kzO,s)PHE,s] = Z 2 Pg ¢
: 5| (@=ko5v)
(78)

C. The dispersion equations for transverse interaction:

A typical and very important transverse interaction is that found in the
ECRM, now we deal with this interaction with a plasma fill. From eq. (36), the
following dispersion equations can be obtained: '

83(":2 - kzzo)PEL + jopoes (k; - k0)Pyr, +wpo(es - &1)(k; —kz0)Per =

—jwﬂogljjjl . Elodf—;l(;-jj(vlp)l Elod&' '
| (82)

In corrugated waveguide, eq. (82) should be modified as:
2 2 .
> [53(/‘:.5 - k:O)PE;,s *+ Jw#ofz(kz,s - kzO)PHEL.s +opg(e3 - 51)(":.5 - kzO)PEH&.s}
§

= -Z[jwﬂoﬂﬂ_j“ +Elosds + %H (Vi) - Elo,sds]
5

(83)
Now some important points should be mentioned. These are:
1. According to eq. (9)-(14), each field component is split into four parts,
and correspondingly, J, and J, are also divided into four parts.

2. Therefore, each of the intergration Pg, Pgi, Pyg, Puel, H J; -E:Ods

and ij-f;ods has 16 terms. It makes the interaction and dispersion

equations very complicated.

3. Because of the coupling of TE and TM modes, the E, and E, are always
exist simultaneously. Therefore, we always have transverse and longitudinal
interactions accompanied. This is the most inportant feature of the beam-wave
interactions in magnetized plasma waveguide.

10




VL. Some new interactions that may occur in a magnetized
plasma waveguide

A. A possible new interaction

There exists a special kind of wave family that can propagate in a
magnetized plasma waveguide in the frequency region: (o p<®<w, or

@We <@ <@ p), called the cyclotron modes. In particular, some of these waves are

inherently backward waves (negative dispersion). So we may possibly have
discovered a new interaction mechanism with the cyclotron waves. Also with the
backward wave, we can construct a new type of BWO without a periodic
structure,

The formulations of beam-wave interactions with cyclotron waves are the
same as those have been given in the above sections. ‘

In principle, the slow cyclotron waves may also be used as pumping wave
for parametric excitation. :

B. A new hybrid ion-channel maser

172
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C. Parametric coupling excitation

There are varieties of propagating waves in a magnetized plasma
waveguide. It is natural that, when the driven electron beam is present, there
must be some coupling between/among waves, and the coupling may lead to
some instabilities. In [14], for example, a parametric coupling excitation was
presented. It is suggested that the TG mode parametrically couples with a TM
mode to excite a negative energy beam mode. The beam mode feeds energy into
the positive energy TG and TM modes giving rise to an explosive instability.

In the magnetized plasma waveguide, actually, the mechanism is modified

~ from that given in [14]. Here the TG mode should parametrically couple with

either the EH,,, or HE,,, mode, or even with one of the cyclotron modes, and then
excites the electron beam. Now there are two transverse wave numbers p: and p,,
so the excitation condition shoud be modified also.

Considering the varieties of waves that can propagate in a magnetized
plasma waveguide, the formulations become much more complicated, some
results will be given in another paper by the authors.

11




VIIIL. Discussion and analysis

1. Physically, the cyclotron motion of the background plasma electron
2

1-2 20 (see eq.
1-7
(5)), and it causes first, the coupling between TE and TM modes because of
b#0 and d#0. Secondly it produces the additional parts of the wave field
components associated with k; =k’e,. These parts of the wave field are
directly involved in the beam-wave interactions.

2. The field patterns in a magnetized plasma waveguide become much
more complicated than those in a vacuum waveguide. Due to the magnetized
plasma fill, the field structure is completely changed. There are two eigenvalues
and two corresponding eigenfunctions, the filling plasma produces the
additional parts of the wave. Therefore, all field components for example, E,
may be divided into four parts: E,=E, +E_, +E, +E_, . Where E is
produced by H,=AhJ_(p,R)+ A,h,J_(p.R) and is called the TE-like part.
E,2 is produced by E; = A4)J,(p\R) +43J,(p2R) and is called the TM-like
part. E, 1, and Eg,, are due to plasma background in addition to the TE-like part
and TE-like part, respectively. All these parts are involved in the beam-wave
interactions. '

This field complexity certainly will strongly influence the beam-wave
interactions.  Correspondingly, we have the RF current density:
Jo =T +Tg +Tg, +Tgsp,and J, =3, +J,+J, +J . (See part II of the paper).

plays a very important role. Because of it, we have ¢, =~

2p?

The beam-wave interactions mainly depend on the term I J' J-E'ds.

Therefore, the interactions are much more complicated as:
- =% * * * * * * *
H Jy-Eyds= .U JoEgfds = .U (J o1Eg1 + Jp1Eg2 +Jp1Eo1p + Jp1Ep2p + p1pEpl o1 pEen *

. . » * * * *
JorpEpip H opEezy +/p2El +Jp2E02 +J02Ep1p +Jp2Ep2p +Jp2pE )

* * ] . . * .
+Jp2pEp2 + Jp2pEp1p +J¢2PE¢2p)ds. Likewise for ﬂ J.-E.ds. Slpce the
_[ J' J, -Elds represents the transverse beam-wave interaction, and since

H J,-E.ds represents the longitudinal beam-wave interaction, since both E,

and E, are always existent, we can see clearly that the transverse interaction is
always accompanied by the longitudinal interaction. So the beam-wave
interactions in a magnetized plasma waveguide are much more complicated and

richer than that in the vacuum case.
3. The instability of longitudinal interactions and that of transverse

interactions may or may not occur in the same frequency. The instability will
be enhanced in the case where they occur at same frequency. In the case they
occur in a different frequency, a spurious spectrum will  occur.

12




IX. Conclusion

The basic theory of electron beam-wave interactions in a waveguide
filled with plasma immersed in a finite magnetic field has been presented in this
paper. The interaction equations and dispersion reations for both longitudinal
and transverse interactions in magnetized plasma have been formulated. These
equations cover almost all kinds of beam-wave interactions. They can also be
used for parametric excitations that may exist. The interaction equations can be
used for both linear and non-linear waves, and the dispersion relations can only
be used for the linear case. The theory given in this paper 1s valid as long ain
property of the plasma background is not distorted, that is as ong as the
background plasma can be described by the permittivity tensor as in equations
(6)-(8). From the formulations given in this paper, the following results can be
obtained:

1. The importance of the background plasma is: (1). The electron
gyrating motion of the background plasma couples the TE modes and TM
modes. They are always coupled to each other. (2). This coupling generates the
hybrid HE mode and EH mode. Besides, because of the magnetized plasma,
there are varieties of modes propagating along the waveguide. (3). The
background plasma itself is involved in the electron beam-wave interactions by
producing the additional parts of the wave that depend on the gyrating motion. -
Thus, the magnetized background plasma makes the electron beam-wave
interactions much more complicated and rich.

2. Since the TE and TM modes are always coupled, in plasma-filled
microwave devices, therefore, there are no pure transverse interactions.
Likewise there is no pure longitudinal interaction, if there is any, even small,
transverse electron motion, there must be some transverse interaction. It is
inherent in a magnetized plasma-filled waveguide that the transverse and
longitudinal interactions are couped.

3. Since there are varieties of waves in a magnetized plasma waveguide,
when the electron beam is present, coupling between/among waves may happen.
The low frequency plasma modes (TG modes or even cyclotron waves) may
serve as the pumping wave, and parametric excitation may be obtained.

4. There is a special kind of wave family in the frequency range:
(0, <0 <0, 0r o, <o <o,), called cyclotron modes. The waves in this family

are all electromagnetic waves. They can interact directly with the electron beam,
since their phase velocities may be less than the speed of light. In particular,
some of the cyclotron waves are inherently negative; they are backward-wave
naturally. The inherent backward-wave even may be used for building
backward-wave oscillators without periodic structures.

13




5. The instabilities caused by longitudinal and transverse interactions
may lead to two cases: (1). If two instability mechanisms occur at the same
frequency or in the same frequency band, if it is properly adjusted, the
instability will be dramatically enhanced. (2). If two instability mechanisms
occur at different frequencies or frequency bands, then, spurious
oscillations may occur.

6. The coupling between TE and TM modes in the waveguide, and
the intensity of the interactions due to the participation of the plasma
depend on the plasma electron gyrating motion and the plasma background
£t O,

s E=—,

1-7° o)

density, and is proportional to the parameter k: =k’, = -k’

(DC

®
background plasma is important for the design and operation of the plasma
filleddevices. '

1=—=, It is clear that adjusting the magnetic field and the density of the

7. For the plasma filled case, ECRM is prefer to operate at h‘igh
harmonics. w-k,v,-lo, =0, 122.

8. Theoretical predictions show that: in general, the frequency
spectrum and the spurious output of plasma filled devices may not be as
good as that of vacuum devices. Perhaps, that it is the price that we must
pay for enhancing the output power and efficiency of microwave devices by
means of plasma filling.

14




Part II Kinetic theory of Electron Beam-wave
interaction in magnetized Plasma Waveguide

I. Introduction

In this part of the paper, the kinetic theory is used for analyzing the
electron beam, while the plasma background is still treated by fluid theory.

II Kinetic Theory of Electron-beam-wave interactions in
uniform magnetized plasma waveguide

A. longitudinal interaction

The dispersion equation for longidudinal interaction is :
&; (k: —k::o)PE + jop,E,(k, —k )Py = _
. . Jk. . (1)
—J WK, E, -[J: 'E:ods'*'g_.“ pE.ds
0
WhereJ, and p, are going to be calculated by using the kinetic
theory:

J: = —eJ.fi ﬁ—dﬁ (2)
my,

p,=~e[ f,dp 3)
/i is the perturbed distribution function. The integrations should
be completed in momentum space, according to vlasov theory. In this
case it can be written as:
I JeE. &,
Siz=-e)E. —dtf = - —F= 20 (4)
- c}’// w—k:vo 4".’
Where f, is equilibrium distribution function, if the transverse
motion is not taken into consideration, f, can be chosen as:

o= g"—a(p. - 2,)O(R.-R) 3)
b/

After integration in momentum space, the dispersion equation for
longitudinal interactions can be obtained :
. w; (ke — k)P
e\k: k)P + jou,e\k. -k )Py = ———L—22"F (9
:( : .U) E -] #0 -( H .U) HE (w_k:v:")-
Which is the same as the dispersion cquation derived through fluid
theory.
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B. Transverse interactions

For transverse interactions, we have:
(@-kv.)
Ja=2m Y f “Lpoh p Ky, {—Q—(zJ +PpR.J,,)

i 47 kf)}fodp

(10)

Juy =2 | _A_fyoh,kjma; {@—Qk——)(ZJ +PR.J,,)

Lo o)

(11)

K .
Joz = —j2mzzj%{ gwc (J,,,,- +PiRchi)(k: _kﬂllgl)

(12)
£, J"" Ldo (k wkma (s, - 1)+D(aW:-":CZ))}fodf7

Jop = ‘erszI%{é[k;vl (k: - &:k.kB, )(2'];" +piRcJ;n‘)
' (13)
+e.k2B,Klw (J,, + pR.J,, )]+ B Lk w0 B, [(kz ~k})pR.J ~mk2J, ]} f,dp

Where the space charge effect is neglected. The dispersion equation for
transverse interaction can be obtained as follows:

gs(kf —kxzo)Pn +jwp°£2(k —k, )PHEL +a)p°(£3 "51)'
[0, 0.82]. (14)

(b ko) =20 25T A & CAL e

Here the dispersion equations (14) can be used for large orbit cyclotron
masers .
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IIL. Kinetic theory of Electron Beam-wave interactions in a
corrugated plasma-filled waveguide

Longitudinal interaction:

- 2 N -a)z(k:g k: )P 5
;83(](;‘, _kz-o.:)PE,s +Jw.uo£2(k:.s —k:o,s)PHE.: = ; . (0) lk v 0) =

(26)

Transverse interaction:
Z“"s(k2 k: ) Ex:*‘]wﬂog"(k; k:o:) HEJ.s+w/"o(€3 )

4 [-S S« K ] . (27)
(k:.: - kzO,x)PEHJ..: = 4”282’10&)/‘[081 ‘Z DI: Rci- Q "ﬂ ynn 5
Z(Slls +S +Sllp: +S12p,:)

i(Sm + 8004+ 821+ S) (28)

s

Sl,s
S,

IV. Plasma -filled Electron Cyclotron Maser(ECRM)

For the plasma- filled electron cyclotron maser, with electrons
are gyrating around a guiding center with a small cyclice orbits, the
dispersion equation should be:

&y(k} — k) Py, + jwe,e, (k, - k)P, +

. . 1 .
wpo (&5 — & Xk, —k.0) Py, = "Jm/‘ogn!Ja +Egods - c I(V; P)o - Egods
0

(32)
where:
+0 @ 2x
Jo= -eIdP:J.p;dP; ,“d% Lo | (33)
- 0 0 mO),
= “eIszJPLdPJ. J‘d% (34)
-0 0 0
where the petrubed distribution function is:
R
_-ejdt (E;+v, )(q" %, —-‘J
Dy R, By .
(33)

+E. - \);B;)%‘z —(E, +v,B, - v;B;)i—”Lﬁ]

The integration should be taken along an unperturbed orbit, and A
is equilibrium distribution function.

fo= arp P PO, ~ PSR~ ) (36)
10 .
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where R, is the radius of guiding center of electron beam. Since the
field can be splited into four parts. we get:

Ey=E,+Ey +Ey +E,,, etc. (37)
-fl =.f)l+.f12 +.fllp+fi2p (38)
Jog=Jgy+Jp +Jm+J92p ~ (39)

Thus, we get:

([ 75+ Esds = [[(JEgy + TnEgy + JonEap +nEsp + Ty By + Jory s + T, By +
J,,pEa, +J9,E,,+J,2E92+J5,E81,+J Em+JmEm+JmE +J02pEmp+J Em)
(40)
Equation(51)-(54) indicates that the electric field of the wave is
splited into four components: E,,Eg,Ey, and Eg,etc., Eg and Eg
are the TE-like and TM-like field components, respectively. ELU, and
Egzp are the field components due to plasma background corresponding
to TE-like and TM-like, respectively. The fi,/../u, and fi,, are the
four components of perturbed distribution functions corresponding to .
Eg,Eg,Eq, and Egpetc.,respectively, and Jp,Jp, are those excited
by the field components corresponding to that due to plasma
background for TE-like and TM-like fields, respectively. It can be
remembered that when plasma is absent, J,, and Jg, disappear, Jj
and Jg; are left but they are separated and can be exist
independently.
After a proper and long mathematical manipulation, we can obtain the
dispersion equations of the plasma-filled ECRM as:

(kz -k} )P +Jw/‘o£~( )Plgg.l. +op, (&, — & Nk, — k) Pz,
@} we T 73,3
-2”4 l L - - 2 m-li
OED-R"[, .'Jl [
(45)
where:
Ir=r.,+T, +T, +
1 Bll ﬂlpl 421 a2 pl } (46)
L=Toy+ T, + T + Ty e
and:
Q] =@ —k:vz -—I(Dc 47)
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B.Coupled longitudinal interactions

As mentioned above in a magnetized plasma wave guide, the TE
and TM modes are always coupled, the transverse and longitudinal
interaction, therefore, are always accompanied by each other. So the
longitudinal dispersion equation should be taken into account
simultaneously. Now, the J, should be calculated by means of kinetic
theory as.

J.==e[dp.[p.dp, [def, L=
o 0 0 n,y

0

(38)

-] tt.'p p:
= —27zejdp_.f (1 + fa + S, + fi2p)dp,
- (] mo}’
After integration along momentum space, we can obtain the dispersion
equations:
: , o; we
53(k_,2 —kfo)PE + jope,(k, —k.o) Py = 27 —2-—L.

Y Vi -
(63)

2
JD 1 Ql
I1,I1, are given in Appendix D.
From the above formulation, we can see that:

1. Although the dispersion equations of plasma~filled ECRM are very
complicated, the structure remains unchanged. There are also two main

If .Hl Hz 1P 2
S AR G-Iy

terms:(Ca—k:v,—la),)_l and (a)-k,v,—lw,)-z terms, which are very
familiar in the theory of ECRM in vacuum case.
2.Since there are four parts of wave field and four parts of RF

current, so the term 117-Ehk has 16 terms. This makes the equations

very tedious, but the physical lines are still clear. ‘

3. We can see clearly that, looking at the TM-like and TE-like parts
separately, the structures of the dispersion equations are similar
with that in vacuum case. And when the plasma is absent, the
equations reduce to that for vacuum case .

4. The most important differences between the plasma—-filled one and
the vacum case are that in some of the terms associated with the
parts of field produced by plasma background, there is the imaginary
sign j, These terms not only make the dispersion equations
complicated but also cause an instability different from that in the
vacuum case.

5. The most essential difference is that the ECRM is always
accompanied by and coupled with corresponding longitudinal
interactions.

19



C. Corrugated waveguide

The above equations are for a smooth waveguide. For a periodical
structure, we have:

Z[gs(k:z.s - k:zo)PEJ..s +ja’#o£:(k.-,: - k:O)PHEL,: +op,(e; - Xk, - k:o)PEm,s]

= —;[ja)yoé‘, ﬂ.jo.: ’ E;st]

(66)
and: ‘
@ © 2r
Jo,=~¢[dp.[ p,dp, [dgf,, L2 67)
- 0 0 m07
Similarly:
EB,: = EG].: +E02,: +E91p.: +Eﬂ2p,: (69}
j‘l.:‘:.fll.s-*'.fl‘.’.:"'f;lp.:-".fl:p; . (70)
‘]8.: = JOI.: + J02,: + Jelp,.r + J92p1 | (7 1) .

Z J‘J‘ Jo.x : E;‘df = Z IJ- (‘]GIJE;L: + Jel.:Ea.z.: + Jﬂl.:El;lp.J +‘]01,:E9‘2p.: + Jonp_:E;u +

J

Gips

+J,. E. +J, . E; +Jaz.;E;2.:+J82.:E;IP-'+

* .
EO‘.‘.: + Jelp,:EGIp.: 8ps™—@lps 82,5613

JMJE;Z p.s + JDZP.:E;I,: + J82p.:E0.2.: + ‘]02 p.:EGI ps + J&zp.:E;uu)dS
(72)

If only taking the resonance term, we just need to delete the 2: in

the equations and replace the arguments inJ,,J;,J,s by B.r.

andp,,,R,.
For the accompanied longitudinal interaction, we have:
. a _ w: we
Z[gz(k:'.: - k.:o.:)PE.: +j(0,u0£2(k:_, - k:o.:)PHE ] =——"
s c W.LO

(73)

Aii.: nl.:_nz.xﬂlﬂﬂ . 2
2% Lo

It should be noted here that when 7,— R,, all the results given
here reduce to that given in section II and III.
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V. On the combination of Transverse and longitudinal
Interactions

From the kinetic theory of ECRM and accompanied longitudinal
interactions given in above section, we can see that, if there is electron
transverse motion, both transverse and longitudinal interactions can co-
exist under the condition:

Q=0-kv.-lo, ~
or Q =w-k. v, -lo, =0

It should be emphased here that the coexistence ( or combination) of
transverse and longitudinal interactions (ECRM and Cherenkov or
ECRM and BWO, for example) is one of the most significant features for
electron beam-wave interactions in magnetized plasma waveguide. Now,
since thre is electron transverse motion, the singularity is also
Q=w-kv.-lo, =0, rather than that given in [8]( @-k.v, ~0) for coupled
longitudinal interactions.

VI Summary

Kinetic theory of Electron-Beam-Wave interactions in magnetized
plasma waveguide, for both longitudinal and transverse interactions in both
smooth and corrugated waveguide have been given in this part of paper,
the following points are significant;
1.Althrough the mathematical manipulations are thlOUS the  structures
of all the dispersions are simple, they consist of two parts, one is

s 0 (L)o(2) o ()] e e 5
proportion (0] Q,,, or Q or Q N Q,__, , anotiier one 1S 10

ms

1 1 1 1 .. . . e -
(Q—J or(Q—’:)( or (EM—J(Q—“J) , It is just like that is familiar in

vacuum .

2. One of the most important features of the beam-wave interactions
in magnetized plasma waveguide is coexistence (simulate existence) or
combination of both instabilities of transverse and longitudinal interactions,
it 1s because that in such plasma waveguide the TE and TM modes are

always coupled so the Ez and £, field components are always exist
together. Because of the transverse motion in magnetic field, the

singularity of the accompanied longitudinal interaction  is
Q=w-kv,-lw, ~0, :
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3. Another one of the most important features is that in the

dispersion equations there are special terms that contain imaginary

sign(j) , These terms are generated by the field parts that are
produced by the plasma background., these imaginary terms may
bring influence on the instability.

4. Only when there is no transverse motion, we can have pure
longitudinal interaction, and the singularity is now Q=w-kv_, as that
for TM mode in vacuum case.

S5.With the coexistent instabilitiestECRM and Cherenkov, for
example),there must be some difference of frequency response
between the two kind of interactions, spectrum purity of the output of
the device base on the magnetized plasma filled waveguide may not as

good as vacuum ones.

6. For a plasma filled case, the ECRM prefers to operate at
higher harmonics (122).
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Longitudinal Interaction:
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Hybrid Ion-channel Maser:
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Plasma Filled ECR Maser:
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A New Hybrid Ion-Channel Maser Instability »»#

Robert J. Barker *, Liu Shenggang**

Abstract: A new hybrid ion-channel maser instability , in which the electron cyclotron
maser instability mechanism and the ion-channel instability maser instability mechanism
are combined, is proposed and studied. The features and the dispersion equation of the
new maser are given in the paper with detailed discussion.

L. Introduction

An ion-channel can be formed due to either intens laser beam or relativistic electron
beam injection. Based on this effect, varieties of ion-channel lasers’ and ion-channel .
masers’ instabilities have been presented and studied [1]-[S].Now. a new instability
scheme is proposed, in which the ion-channel maser instability and the electron cyclotron
maser instability are combined. Theoretical analysis and the dispersion equation of the
new instability mechanism are given in the paper. It shows that this new hybrid ion-
channel maser instability has some interesting features.

. Analysis

[n an ion-channel, the force affecting the electron motion is

2

F=-L"ps 1
‘T2 o

It1s a centripetal force, we get the cyclotron frequency as
e’
e'n
22 :_ p
Wy = @} [23,. w, =
my&,

n, is the ion density and 3, is the relativistic factor of the electron beam. Almost all

¢lectromagnetic instabilities of ion-channel laser* and maser’ are based on equ.(2).
If there exists an axial magnetic field B , we have a combined force:

()

F

- - ezn -
F+F, = {,:l,_—so"-R*"lleo"a €y (3)

[t shows that both F  and F,  are centripetal force. Then we get the electron cyclotron
frequency:

wr  presented af 248 Int. Conf. on IRMMW Montory . CA .USA.

Sopt . 3-¢, 1999,
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2y, Y*
wy =20 4]1420% @)
2},0 a)cO
B
Where a)‘(,=’e‘|—°
m,

. . - . Oy 2 2 , _ o,
When « ,>> @, ,weget W, =a = A »When @, >> @’ | we get W, = /\/7— .
0 : =%

The former one is the base of Electron Cyclotron Maser instability, the 3;** energy
dependence of which is }o' . while the second one is the base of ion-channel maser
instability, the energy dependence is 3o"* [ 3 ].Now €qu.(4) shows that for the new hybrid
one . the energy dependence is not3;', nor 3;** | itis anew interaction scheme.

II. Dispersion Equation

By using the fluid mode! the following dispersion equations of the hybrid ion-channel
maser instability can be obtained:

(3 -k)= L% () o Eras =—a£’;7’e’ﬁ[jﬁ R+ (@, + QR + Rk o7, J E:
E

P, Q f=ha
(5)
Where
Q=w~k v, -, (6)
R=ﬁ (7
A
- . A,
f=_‘el(El+"o><Bl)Ro¢| =—A— (8)
3 =‘A§' | (9)
| ip{mr . @ o s
s st o)
[{]
7
(10)

Where f s the force due to the electromagnetic wave field:

f=—l",( |+F()x§|) (1)
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* Substituting the field expressions into the above equations we can get the complete form

of the dispersion equation.

IV. Conclusion

A new kind of ion-channel maser instability is proposed and studied in the paper. This
hybrid ion-channel maser is based on the combination of magnetic electron cyclotron
maser and the ion-channel maser instabilities. The theoretical analysis given in the paper
shows that the new hybrid ion-channel maser instability has the following features:

I. The new instability mechanism is based on the hybrid cyclotron frequency that has a
special energy dependence ( 1/2<q<1). Accrding to [3],the energy dependence can be
written as }¢% , it showed in (3] that there are three kinds of the dependence: g= 1, is the
electron cyclotron maser instability; q=1/2 is the ion-channel maser instability and q=0
is the Free Electron Laser instability. Now we get a new one the q of which should
be(1/2<q<1).. Actually , there is another one, the Electrostatic Electron Maser [5],the
energy dependence is also g=1/2. Therefore, there are four different kinds of energy
dependence for different instability mechanisms: q=0, q= Y3, Y2<q<1 and g=1. It shows
that the instability mechanism is also negative mass effect, and the energy dependence is
weaker than that of magnetic electron cyclotron maser and stronger than that for the ion-
channel maser. '
2.The character of the singularity in the dispersion equation of the new maser instability
is different from that of electron cyclotron maser and the ion-channel maser. There are

2

two singularities: Q =0 and ((l + ygﬂz{ﬂz -w} —&J— (», -a)“)z(l + yozﬁlz )J: 0

Y ,
- The last one was never seen in published papers.
3.Comparing with the electron cyclotron maser and the ion-channel maser , the new
hybrid ion-channel maser may have some advantages: At first, because of the ion
neutralization the beam density can be increased, secondly, since q<1, for the same
electron energy, the operating frequency may be higher. In addition, since the interaction
takes place in the ion-channel region, stronger interaction efficiency is expected.
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Abstract- A new hybrid maser instability is described for the case of wave
interactions for an electron-beam propagating through an ion channel in a plasma-filled
waveguide immersed in a finite axial magnetic field. A complete linear theoretical
formulation and sample numerical calculations are presented. The significant features of

this new hybrid instability are discussed.

INDEXING TERMS: Ion-channel, Hybrid Instability, Plasma-filled Waveguide,
Perturbation Theory

I. INTRODUCTION
When a thin, annular, intense relativistic electron-beam (REB) of radius, Ro, and electron

density. ny, propagates through a plasma of density, n,; an ion-channel may be formed of radius,

R, ~ Ry(n,/ n,,)"'z. Based on this effect, varieties of ion channel laser and ion channel maser

instabilities have been presented and studied. Whittum and Sessler first proposed the concept of
an lon-channel Laser in 1990 [1], [2]. Then Whittum studied the electromagnetic wave instability
of the ion-focused regime in detail [3]. The Ion-ripple Laser was proposed by Chen and Dawson
in 1992 [4], [5]. Ta.ng et al. [6] studied electromagnetic wave instabilities in an ion-channel (IC)
electron cyclotron maser (ECM) and proposed the concept of the ICECM. Recently, Parashar et

al. [7] studied electromagnetic wave scattering in an ion-channel. Jha and Kumar [8] prevsented a
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) University of Electronic Science and Technology of China. Chengdu 610054. P.R. China.
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linear theory to study the ion-channel-guiding, magnetic-wiggler FEL. Thus, research on the
production of coherent radiation based on the jon channel effect has been very active in recent
years.

An ion channel can be used to improve the quality of relativistic electron-beams (REBs) by
helping to radially confine the beam current. The whole or partial charge-neutralization provided
by the channel’s ions permits devices operating at higher beam currents for a given structure
radius which results in enhanced microwave output power. Not only the REBs themselves
flowing through a plasma-filled waveguide, but also intense laser beam pulses can be used to

form an ion-channel via ponderomotive force.

In this paper, a new hybrid ion-channel maser instability scheme is proposed, in which the
ion channel maser instability and the electron cyclotron maser instability are combined.
Theoretical analysis and sample numerical calculations of the new instability mechamsm are also

presented. The interesting features of this new hybrid ion channel maser instability are discussed.

II. THEORETICAL ANALYSIS
We begm with the idealized physical structure of a hollow electron-beam propagating
through a magnetized plasma-filled waveguide as shown in Figure 1. The waveguide we consider
here is an axially symmetric, cylindrical structure. For simplicity, we assume a preformed ion
channel (created, for example, by a laser pulse) into which the hollow e-beam is injected. We

examine the highly relativistic case for ion-channel formation where n »>n, /yE. Itis easy to

show that for this condition, the force acting on beam electrons due to the channel ions is much
larger than the force due to the beam itself (i.e. - the self-field). Therefore, in the highly .
relativistic case, this force due to the -ions in the ion-channel must be taken into account.

In the ion-channel the force due to the ions is:
>

le|* n

S

=— L Re 1
2¢, R » M

where n_ is the ion density. Equation (1) takes the form of a centripetal force. It is clear that this

force does not contribute to the longitudinal interactions where the beam electrons propagate in

the z-direction along the axis. However, this ion force very strongly influences transverse




interactions. If there were no magnetic field, this is the only force that acts on the beam electrons
besides the rf-field force. This By=0 case corresponds to the ion-channel maser/laser case [1], [2],

[9]-[12]. The electron betatron frequency is:
2
2 2 2 e nl’
w; =, 2y, where w, = 2)
my&,
where y, is the relativistic factor of the electron beam. Almost all the electromagnetic
instabilities of ion-channel lasers and masers are based on (2). If the system is now immersed in
an axial magnetic field, the beam-wave interactions become more complex. In fact, a new kind of
hvbrid interaction emerges. For this case, the beam electrons are moving in a combined field that

produces the force:

- . e'n ,
F=F+F =- “R+eByv, |2, (3)
&

where F, is the ion force and F. is the force due to the magnetic field (Lorenz force: (¥ x B,),).

Both of these force components are centripetal forces, that yield the electron cyclotron frequency

as
172
2y (@3
0, =2 1+[1+—7°7A) 4)
27,4 Do
) _lel By . . . .
where @, = — and B, is the applied axial magnetic field.
m, _

. 2 2
When o, >>w,, we obtain v, =0, =a,_ Yo - However, when w, >> w0}, we get:

Wy =w,/ V27, . The former is the basis of the Electron Cyclotron Maser instability, and the

latter is the basis of the Ion-Channel Maser instability. For the new hybrid ECM instability
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which we are presenting here, (4) shows that the energy dependence is different from the y,;
proportionality that was studied in [6] and [9)].

In order to derive the dispersion relation for highly relativistic electron beam-wave
interactions in a magnetized ion-channel, we begin with the following general equations of

electron motion:




2 2 B 2
,4,_§_R(ff£) LA dR__eBy pdp @, fy
t dr ar dt m, dr 2 mg
2 B
LdRde pd’e| ,drde_fo B dR )
dr dt t- d d my m, dt
y Az drds_
dr- dt dt m,

and

5 2 2 21!
ARHEHEA]
¢’ dt dt dt

where f.e, + f,&, + f.2. = F is the force acting on the electrons due to the rf-field. This force

has the form:
F=e(E+7xB) ‘ (7)

In this formulation, the longitudinal components of the rf-radiation field in the magnetized
plasma-filled waveguide have the forms, E, = AJn(piR) + AaJun(p2R) and H, = A,hlJn,(pli{) +
AzhyJn(p2R), where p; and p; are two eigenvalues while‘Jm(le) and Jn(p2R) are the two
corresponding eigenfunctions. (Note that for a cylindrical waveguide, these eigenfunctions are
Bessels functions.) The transverse rf-field components can be found by simply inserting these
field components into Maxwell’s Equation.

Invoking perturbation theory, we define:

R=R +R;, ¢p=0,+0; 2=2,+2,; }’=70+7|} )

R<<Ry; @<<@, 5 z,<<zy 5 y<<¥,

with the subsequent perturbation expansions performed in orders of the amplitude of the rf

radiation field. Substituting (8) into (5) and (6), we find:

A Ag A
R ="%;, R =—"T; z, =5 9
] A o® A 1 A (9)
and’
Cre= VR WG R, + jraw,RiQp, + jriQr 2, (10)

where Q is the frequency of the electromagnetic wave and the determinants A, Ag. A, A,.

are :




@

Ny-lo, -0 ¥ (+7287)|  a

Yo

8=70"| (1+73° ) -0 -

Ay =13 (1+728°) 10 m,
+ i@ 1+738 Jows -0 )+ 3810, 1, m, (12)
- 7@ B,B.(@,-0,) 1, m, |
8, ==jr3 1+ 73 B Yoo, ~0.)+ 73 20, ) £, my
-+ 1)+ ripiadls, m, (13)
+7iQ28,8.(Q - 20} +0,0,)f. m,
8. =jyiQp Blw, -0 )1y m
+7iQ%B,8.(Q° - 20} +0,0,)f, m, (14)
-7+ p2 )R - 0} -0} 17:)- (@, -0,V |1 m,
for the first harmonic of the electron cyclotron wave, [ = 1. In the above derivation, we followed
the formalism presented in [12] and developed in more detail in [13].
According to the charge continuity equation and the above results, we can get the expression

for the perturbed charge density:

(0 -Q)

RO R, - Jjo, = jk.4z,J0,6(R - R;) (15)
0

P =

where © is the operating frequency and o, is the surface charge density. Then the beam rf

current density can be found as follows [5], [9]:

J=ec,0(R~-Ry)v, +evyp,

=J,+J. (16)
where (R - R,) is the Dirac § -function, and
2

) . .

J, = -lelao[—é R - j(wy + QR0 = jR,wk.2)I6(R - R,) (17)

w-Q)v. ] . ’

J. =|e|o-0[( R Q)——" R - jv,o, - j(w=-wy)z16(R-R,) (18)

NoNs

where Q=w -k v, ~lw,, while R ,R,p .andz, are the perturbed displacements in the
R.¢. and : directions respectively due to the rf-field defined in (9) above. Then by using (16)-

(18). we can obtain the following dispersion relation for this hybrid maser instability:




kf—k30=-l%ﬁ’w£‘ds
E

= 2t Ty {[ja)—(;& +(@, + Q)Ryp, + Rywk.2,]- E; + (19)
P; Q )
i Q)—Q)". .
[] *(—~——=0— RI +V.,00, + (Ct) -, )zl ] ' E: } IR:R',

R,Q

where we have defined the quantity:

1
P, =—2—HE, .E ds
The dispersion relation above is completely generalized for the physical system under

consideration and is valid for any mode in that system.

III. SAMPLE NUMERICAL CALCULATIONS
It is instructive to begin by first numerically calculating the dispersion relation for the ion
channel waveguide mode without the REB present. The dispersion relation for the waveguide

mode, HE,, for various values of the plasma density, n,, are shown in Fig. 2. Here, the plasma

was immersed in a 2-tesla axial magnetic field. We can see from Fig. 2 that the cutoff frequency

of the waveguide modes increases with increasing n,,.

If one then injects an REB of f,=0.06, the interaction region between the beam and the
waveguide mode HE;; may be determined via the plot shown in Fig. 3(a). Fig. 3(b) is the linear
growth rate of an electromagnetic wave for different beam densities, »,, according to (19). The
other operating parameters are listed in the figure. The variation of the maximum growth rate,
Gmax, With beam density is shown in Fig. 3(c).

Fig. (4) shows the variation of the maximum growth rate with the plasma density. We can
see that there is a maximum growth rate for certain plasma densities. Fig.(4) also shows the
variation of the frequency of the maximum growth rate for different plasma densities. We can

see that that frequency is almost directly proportional to the density.

IV. DISCUSSION AND CONCLUSIONS




It is clear that, the highly relativistic case in which the ion force plays an important role
deserves much attention. When B, =0, we have the ion-channel maser (laser) instability. When
B, # 0, the new hybrid instability mechanism described herein emerges. This paper shows that
this new hybrid instability boasts at least five important and interesting features. First. for this
hybrid maser. the electron cyclotron frequency is given by (4). This tells us that the energy

dependence is neither y;' * nory;'. It is rather benveen y;'*and y;'. This classifies this

phenomenon as a special kind of negative mass effect.
According to reference [9], the energy dependence can be written as: y,¢. That work
defined the following three kinds of dependence: g = +1, the electron cyclotron maser instability;
g =1/2, the ion-channel maser instability; and ¢ =0, the Free Electron Laser instability.
References [10] and [11] describe another case, the Electrostatic Electron Maser, for which, the
energy dependence also has g =1/2. This is due to the fact that both Ion-channel Lasers and
Electrostatic ECR Masers are governed by a centripetal force. Now we have defined a new
hybrid case. one for which 1/2 <g <1. Therefore, we have four different kinds of energy
dependence for different instabilities: g =+1.¢=1/2,¢=0,and (1/2<qg <1). |
Second, (5) shows that for this hybrid instability, there are two singularities:
Q=w-k,v.,-w, and Q' =z (v, -w.)’ +(@ -(w})/y,). For the latter, the operating
)72

frequency, ® = @ + Kzo Vio + (002 + m,,z + (co;,2 Yo ) '“, is very high and merits further study.

Note also that for the ion-channel instability, there are three singularities:ls] Q=0,
Q' -@d-p)w; =0 and Q*-w? =0 where w!=(+yp")»l. While for the ECRM
instability, there are also two singularities: Q = 0; Q° - @? = 0 (the Gyro-Peniotron instability).

A third interesting feature of this hybrid maser is that the working frequency is much higher

' : : N w, ©, 0,
than both w_ and w, as is shown in (4). Rough estimation shows that: @ > —* + —%(—%) [or
}/0 },() (‘):u

w w N
o =~—L 4+ —L where w: =
Yo Yo

Fourth, in this hybrid case, the transverse interaction is always accompanied by the

2
a),,.

| —

longitudinal interaction, since we must have both £, and E.. J, and J. [12].




Finally, it is obvious that since the ion-channel permits elevated electron-beam currents and
densities, thus the output power of the maser can also be much elevated.
In conclusion, we have described a new scheme of electromagnetic wave generation by
considering the effect of an ion channel in a magnetized plasma filled waveguide. The analysis
yvielded many important and interesting points. It is clear that this new hybrid instability should

be studied in more detail.
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®=®,, we also have p, =0. But the curve a of p, =0 is the line of

0’ + 00, ~ 0> _ S
¥ (see section V and Appendix), it is one

equation B? = k? ( )
olo +o,

continuos line, not two lines as it was shown in [4]-[6], [8] (for example, Fig. 1
in [5]). |

Fig. 5 shows rather complete dispersion curves. Dashed lines show three
special critical lines: D=0 and p, = 0. Here again there is difference between
our calculations with that given in Fig. 2 of [5]. Mainly, the cut-off frequency of
HE,, mode is below @,, so the mode dispersion curve will go across the line
of p, =0. We have also found that there is no HE, mode, and the curve for

HE, mode given in Fig.2 of [5] is actually the line of p, = 0.

From Fig. 5, we can see that there are mainly three kind of waves: the first
is plasma modes their cut-off frequencies are zero. The second is the modes
their cut-off frequencies are lower than o ,, these modes, include EH modes
and HE modes, are cyclotron wave modes. The dispersion curves of these

Cyclotron waves will be condensed between o, and Max(coc, mp)‘ All
these dispersion curves can not go through o, line. The third is the modes
their cut-off frequencies are higher than o,. They are all waveguide modes.

Fig. 6(a) and 6(b) show some waveguide waves, there is also difference with

that given in Fig. 3 of [5], the mode HE,, should be below mode EH , .

Fig. 7 and Fig. 8 show some waveguide waves the cut-off frequencies of

‘which are close to o, Again there are differences between our calculations
with that given in Fig. 4(a) and Fig. 5 of [5]. It seems that in [5] Fig. 4(a) the
curve EH,, was confused with the line of D=0, p, =0, and the curve HE, is
really the dispersion curve of HE, .Fig. 8 shows that many EH modes are
Cyclotron modes.

It should be mentioned that in order to easily make comparison, all

parameters used in our calculations are the same as that used in [5].
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Electromagnetic Characteristics of
an Individual Spherical Biological Cell”

Liu. Shenggang’, Robert J. Barker™". Karl H. Schoenbach™, Guofen Yu™™", Chaoyu.Liu™""

Theoretical study on electromagnetic characteristics of an individual spherical
biological cell is given in the paper. The field in a cell induced by extra electrostatic
field, the electromagnetic scattering for a plane wave due to a cell and the
electromagnetic resonance condition of a cell, as an electromagnetic cavity, are
‘analyzed. The possible application of the theory is discussed.

I. Introduction

Study on biological body and cells has become an attractive subject recently. The

physics and electronics prove to be powerful and efficient in the research of this field.-

In this paper a theoretical study on the electromagnetic characteristics of a simplified
cell is given. As shown in Fig.1 (a), the cell model is divided into two regions: region /|
the inner part of the cell with radius 4; region //, cell membrane with inner radius
hand outer radius a. The region outside the cell is referred to as region ///. The

14

dielectric constants, permeability and conductivity of the three regions are indicated by .

€,.4,. and o,, respectively. The subscript “i™ takes 1,2.3, which represent different

regions. By using the Maxwell’s equations the electromagnetic characteristics can be
analyzed. .

The paper is organized as below: Section 1 is a brief introduction. Section 2 deals
with a cell in an electrostatic field. The analysis of the scattering wave by acell to a
plane E M. wave is given in section 3. And in section 4, the cell is considered a E.M.
cavity, the resonance condition is given. Section 5 deals with the possible applications
of the theory. Section 6 is the conclusion.

2. A cell in electrostatic field

Consider an individual cell in an electrostatic field:
E-=r£f (1)

It is obvious that, in a spherical coordinate system (r,¢.6). the field in each region
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should be axial symmetric, i.e., 0/0¢ = 0. The scalar potential of the applied electric
field can be indicated as: _

Vo =-E,rcosf =-E,rP, (cos) 2)
where P, (cos8) is the Legendre function. Then, the electrostatic potential in the three
regions can be written as: '

o= i&""l’n (cos8) : (0<r<bh) 3)
V, = Z[B"r“""’ +(.’"r"]1’" (cos9) (b<r<a) (4)
Vy=2.D,r"" P (cos8) - E,rP,(cosh) (r2a) (5)

n=0

The constants A4,,B,.C, and D, can be determined by using the following boundary
conditions:

El = EY (o, + ]})(, E!N = (o, + _Lwé: )E! (r=a) (6)
Ll =E, (o, + jwe)E! = (0, + juk,)E! (r=»b) 0

The permitivity constants are assumed independent on any coordinates, we obtain:

[the matrix]  (8)

|Al=

Bl=

Ci= )
Di=|

All the other 4,.B,.C, and D, should be zero.

Therefore, once the constants ¢, , KO\ & ,H,.0,; &, u,,0, are given, the field
outside and inside the cell can be found.

3. Electromagnetic scattering wave by a biological cell

Assume that a cell is under radiation of a plane electromagnetic wave:
-k = - ]
= Lol ™) = [ g e (10)
For a plane wave, we have:

AR » P J0%~ jkr con 0
E— L.e

}!l):_k_Engre;u-ﬂ-rmn (1)
wu
The plane wave should be expanded into two parts with different polarization in r
direction: 7M and 7E waves. In spherical coordinate system, the 7M and 7E waves
can be written as follows:

Ne




- E © N -
P, =S8 20D 5 bl (cosy 12
o e n(n+1)

for TM wave; and

~  Eysing & jT"(2n+1) A )
1, = J,(kr)P, 6 13
rlly = = E T k)P cos) (13)

for 710 wave.
" Here rl"’,, and r{/, are Debye potentials for 7M and 77T, respectively. .}"(l(r) 1s

spherical Bessel function, and 7' (cos®)is associated Legendre function.
Outside the cell there exists scattering wave, the Debye potentials in this region can

be written as:
1P, = cosgy [an.},,(k,r) + Anf}gﬁ’(x-5;-)}/>"’ (cos8) (TM)
n;l : (14)
r0, =sinpY (8,0, 06+ ZAO P (cosd)  (TE)
n=1
In region /I, we have:
v, = cospy_ [("".7" (k,r)+ Dnﬁf,”(kzr)ll’"' (cos®)  (TM)
n:l A (]5)
rl, =sin Y [00, k) s DA U P cos) (1) |
nl
And in region //T, the kern of the cell, the Debye potentials can be written as:
Vo= cospy F,J, (k)P (cosB)  (TM)
" (16)
rl, =sing> F.J, (ky)P (cos8) (L)
n-l
where: |
E, j"@2n+1)
wu nn+l)

PO Y AdcILs)
"k nn+)

amn

figz’(lr,r) is spherical Hankel functon of second kind, it represents an outgoing
wave k’=w’c .y, - jouo,, herei=123.
It can be proved that, except the nonlinear media, there is no coupling between 7Af
and 77 waves, so we can deal with them separately.
By using the boundary conditions of fields, we can derive the expressions of the
field coefTicient as follows:
AD A AD 4)
A, =——.C,==—=D, == F = 8,
A A A A

v v v v

(18)




A(l) _ A(2) _ A(J) _ A(‘)
B,=r C,=Se D =S ol 19
N Y Ay 2

where: )
A, = l?fl”(kza).}"(k,b)[j"(kza)l-} 2 (kb)) - H® (k,a) ] (k,b)} +

+ L AP k)] k,by - J (k@) H P ()] +

r.J! (k:a)ﬁ,‘,”(k,a)[ ro i (kb)A (kyb) -] (kzb)l?,‘,”'(k:b)J + )
+ r,H,‘,“'(k:a)ﬁ ;z’ug,a)[rz.i;, (k) (kh) - J (k,b).l,',(kzb)]
8 = a,J k@A D kya)J: (h,b)T, (h by + 0] BYAD (kp)] (k. b) -
-J (kza)f{f,”’(kzb)]n kh)-1,J" (k,h)ﬁj”(k:a).}"(A':a)J +
: , 21
+a, r,J, (ka)], (kza)[],, kBYH® (k,b) - ]! (k,b)ﬁ,ﬂ”(l{:b)]+ :
+a, v, (k) (kb)J, ki) = (h by (k,)]
A? =a,] (ka)d f,”’(k}a)[lfl,‘,z’(kzb)]" (kby-r,J! (Ir,b)ﬁf,”(kzh)]
+a,l! (/r_,a)ﬁf,z)(k,a)[ tyd ok DYH P (ko) - I (k,h)ﬁ;”'(k_,b)] 2
B == ja, [rd J (kbW (hob) = T (kb (k)] (23)
A =-a} (24)
in which: |
= k(o, + jwe,)
ky(o, + jwe,) 25)

- k:(as +./w5,z)

T'l .
Ir,(c;'2 + jwe,)

Let 7, =k /k,.z; =k, /k, replace r, and r,, then the expressions of AV, AP
4. A and A, are given by those of A AP AN AD and A, respectively.

4 A cell as an electromagnetic cavity

An individual biological cell can be considered as a spherical cavity, a special kind
of EM cavity. Based on the theory obtained in last section we can derive some
electromagnetic parameters of the special resonance cavity. One of the most difficulties
to build up a theory for the cell cavity is that what are the criteria of the “resonance” for




/
Lo
C s
a cell. There are three approaches n@ for a dielectric cavity: (1) magnetic wall
approximation (magnetic wall open); (2) cut-off waveguide; (3) cut-off radial
transmission line approximation. For a biological cell, the first and second conditions
seem not to be acceptable. The third one depends on the dielectric constant ¢and
permeability g of the cell, in particular, the g,0f the cell’s membrane. The
approximation is very good, provided that &, is large, say 50~100. But if £, 1s tetrsmall,

the accuracy will be poor, because this leads to that more E.M. energy spreads outside
the cell, and the resonance curve will not appear like a peak. Here we suppose that the
dielectric constant of the cell membrane is large enough. The fields outside and inside
the cell can be expressed as:

V=33 A, B (k)P (cosB)e™

(rza (26)

rt, =33 4,12 k)P (cosf)e™

n=ttm U

=3 S lCd ey + D G| (cos @)
i ”’: (hsr<a) (27)
7, =33 [(—,'—m.},, (kyr)+ D, H ,"”(kzr)]l’""' (cosB)e’™” '

n-0m-0

o

=YY B,.J (kr)P"(cos8)e™
i (0<r<h) (28)
1, = > B,,.J,(k,r)P" (cos@)e ™

n=0 m=0
The boundary conditions are:
~1r _ gl
/:ll - I'II

=1 I
1',w =F,

\ (r=a) (29)
HY = Hy
H m - H n

(=t _ ol
EV = F]

-1 -l
E' = E!

< (r = b) (30)
HY = H]
HII - Hi

By using the above boundary conditions we can obtain the field expansion

coefficients, ie. 4,, 4,. B,. B,. .. C,. D,and D,

‘ne




As we described above, when almost ‘all the energy is kept within a cell, the cell
acts like a resonator. So the resonant condition should be

EYHY ~EVHY =0 r =a) &)
5 possible applications of the theory

The theory given in the paper is an attempt to using the well-developed
electromagnetic theory to study the electric or electromagnetic characteristics of
biological cell/cells. The theory may have some attractive applications in the biological
field. For example, the equivalent circuit in [1] may be derived from the theory as
follows:

Suppose a cell is under the extra field E,,g:, the field components in the cell
membrane and in the inner part have been given in section 2. The energy stored in the
cell membrane is:

o= 2o (B + B+ BV @

The integration is along the volume of membrane. According to the stored energy
expression of a capacitor, we can express the equivalent capacitance of the cell
meimbrane as:

&8y [(B} +EX+ EDav
" (Uy?

(33)

(---) denotes taking average.
The current density within the membrane and in the cell’s kern is:

J, =0,(FE, cosf + [, sin 6) (34)
Then the average resistance of the cell is:

)
R =307 (35)
SRTM
The conductivity of cell membrane is:
G = (36)
()

6 conclusion

Theoretical study on electromagnetic characteristics of an individual biological cell
has been worked out. A cell in electrostatic field is studied. The results obtained can be
used to find the parameters of the equivalent circuit of the cell. The scattering wave of a
cell to a plane wave has been obtained. It may be used to study the behavior of a cell
under the irradiation of electromagnetic wave. For example, by measuring the scattering




wave we can find the parameters of the cell (u,£.0). A cell can be considered as a
special cavity when its radiation loss is very small. The results of the paper, therefore,
are valuable for understanding the electrical characteristics of the cell and provide a
theoretical base for further study on biological cell.
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S

. A New type of Waves in Magnetized Plasma Waveguide

Liu Shenggang™, RJ.Barker ", Yan Yang™, Zhu Dajun”

Abstract A new type of wave containing a quasi-static part has been found. the fearures of this
new type of waves are examined and studied in this paper. This type of waves has not been reported
in published papers to date. Characteristics of these waves are analyzed . The theoretical analysis is
found to be consistent with numerical calcularions .

Key Words Magnetized Plasma Waveguide Quasi-Static New type of Wave

Summary
Wave propagation in a waveguide filled with plasma immersed in a magnetic field has been an

important subject to study in plasma physics and microwave electronics 1 It was found that the
efficiency of high power microwave devices can be increased greatly when filled with plasma.
Research interest in this subject continues to grow. There are three kinds of waves in a magnetzed

plasma waveguide: (1)Low frequency plasma wave,® < min(@,,,). (2)Electron cyclotron

>
’ne’
wave, @, <@ < d, . (3)Waveguide wave ,@ > @, , where @, = _mt-:o is electron plasma frequency,

eB
@, - is electron cyclotron frequency, n is electron density, e and m are electron charge and

<

mass.ep is permitty in vacuum , @, = 1/cu‘f, +a; is the upper hybrid frequency.

Plasma has great influence on the dispersion characteristics of electromagnetic waves in a
waveguide. There are no stand-alone TE or TM wave unless the magnetic field is zero or infinite,
according to waveguide theory . The electromagnetic wave in a empty waveguide satisfies
Helomhtz's equation rather than Laplace’s equation, However, we find a new type of wave in a
waveguide filled with magnetized plasma which exists at discrete frequencies and with quasi-static
characteristics satisfying Laplace’s equation.

The theory given in this paper shows there exists a new kind of waves in a magnetized plasma

waveguide,  the new kind of wave contains a’ quasi-static part of field components satisfying

) Supported by Chinese Nau'onal Science Foundation under National Key Project.No.69493500
” University of Electronic Science and Technology of China.Chengdu 610054.P.R.China
™ Air Force Office of Sciencetic Research.U.S.A

, fmuu‘“{ af 24th Int. Conf. on IRMMW . Montesy . CA. USA.
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Laplace’s equation, and these waves can only exist at a series of discrete frequencies. The
numerical calculations verify the existence of this new kind of wave. _
Physically, this shows that in a waveguide without plasma, the quasi-static field (such as a
TEM wave) cannot exist and only fast waveguide modes can propagate. However,When the
waveguide is plasma filled, there are a large number of charged particles in the space inside the

waveguide. So the quasi-static field can exist and it is closely related to the plasma The importancc

of this new wave is thar it can Propagate at the discrete frequencies satisfying ViE: =0 and keeps
the continuity of the dispersion curve.

Mathematically, it indicate that D=0 is not a singularity, the solutions of wave equation exists
and there is no break of wave propagation, but the wave mode is changed significantly at the
discrete frequencies. _

We can see that wave propagation along a magnetized plasma waveguide has quite unusual

dispersion characteristics.
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Electromagnetic Wave Pumped Ion-Channel Free-Electron Laser A4+

Liu Shenggang’, R.J. Barker™", Gao Hong', and Yan Yang’
"University of Electronic Science and Technology of China, Chengdu 610054, P.R. China
" AFOSR. Washington DC, U.S.A.

Summary

Ion-channel guiding of an electron beam in a fres-electron laser can eliminates the need for
conventional focusing magnets, thereby reducing the capital and running cost.!! Moreover. the presence of
the ion-channel allows beam currents higher than the vacuum limit and also helps radiation guiding.zz’ So
there should be higher efficiencies and lower wavelengths for ion-channel guiding FEL. The linear theory of
a wiggler FEL with ion-channel guiding has been presented by P. Jha er al.”! They have shown that the
steady-state transverse electron motion generates a similar set of stable and unstable electron orbits, and a
substantial enhancement in peak growth rate could be obtained when the ion-channel frequency approaches
the wiggler frequency. Comparing with wiggler FEL, there is a shorter period in an electromagnetic wave
pumped FEL. So under the same injection energy of electrons, one can get a more shorter laser wavelength
output. Motivated by the benefits. the study on electromagnetic wave pumped ion-channel free-electron
laser (EPIC-FEL) will be more useful. Radiation generation in an ion-channel was first proposed by
Whittum and Sessler in 1990." Then Whittum smdied the electromagnetic wave instability of the ion-
focused regime in detail.” The Ion-ripple Laser was proposed by Chen and Dawson in 1992.%7 Tang ez
al™ swudied elecromagnetic wave instability in an ion-channel electron cyclowon maser (ECM) and
proposed the concept of the ICECM. Recently, The ion-channel hybrid instability was proposed by Liu et
al.® It was indicated by K.R. Chen"'” that two bunching mechanisms exist for wave amplification in the ion-
channel laser, cvclotron maser and FEL. There should be a competition berween axial bunching and
azimuthal bunching, however, axial bunching is mainly considered in FEL, including the discussion in [3].

In this paper, theoretical study on electromagnetic wave pumped ion-channel free-electron laser (EPIC-
FEL) is presented. The physical mechanism responsible for the generation of coherent radiation in the EPIC-
FEL is described and the fundamental role of the ponderomotive wave in bunching and trapping the beam is
emphasized. The dispersion relation of the EPIC-FEL has been obtained and growth rates are calculated for
different parameters. It shows that EPIC-FEL has very bright furure.

The EPIC-FEL dispersion relation can be obtained as:

s s ; @}
(w.‘c'kz‘ 2 )'{[(w'wo)—(k"'ko)v;o]z -‘_Lz'}
}’0 il 70},:0 (1)

2 2 :
=£’L'-Y9'—(k+ko)[ ko -+ k _wﬂ:o +a)0ﬁ:0 - a)r' (9_9__1)]
Yo Qi Q, Qp, Qp cQ ;Q,Q, Q

wre  preseated at 24tk Int. codf. on IRMMW . Mmfe7 . CA. USA,
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lel
where V,, = eld,
my.c

1s EM wave wiggle velocity. When @; =0, we may get the vacuum case. In this case,

Q. =Q; =1, the above equation reduces to the conventional EM wave pumped FEL dispersion

2
relation"). Under the conditions of resonation for backward wave pumped, i.e. k = ((11'*' ﬁ:g )) ky, we can
T Fzo
get Q, =Q, and Q) =Q, . Then the eq. (1) is reduced to
2_ 2 w; . o w} V2
(@* =c*k? ——2—) - {[(@ @) = (k +ky)v ) - 2} =4k, )
Yoseio YoV Yo L5

We have calculated the above equation, the results show that the presence of ion-channel may lead 1o
substantial enhancements in growth rate as @, = Q,. These agreement with results obtained in Ref.[3],
howevér the values of the peak growth rates and resonate frequencies are larger than that of in the former
case when A, = A,. For all kinds of FEL, we can derive A = 2, / 2y2, where A and A are the radiation

and pump EM wave wavelengthes in the kind of EM pumped FEL case or radiation wave wavelength and
wiggler period in the kind of wiggler FEL case, respectively. In order to operate FEL at low wavelength, two
methods have been used. First, reducing the wiggler period; We know it is very difficult to obtain for
conventional wiggler FEL case. However it has no problem for conventional EM wave pumped FEL.
‘Second, increasing the beam energy. But it may cause lower efficiencies. However, in ion-channel kind of
FELs, the ion-channel can aid the electron beam focusing and can compensate the efficiency lose by
adjusting the plasma frequency (eq.(2)), so under high beam energy case, this kind of FEL can be operation
at very low radiation wavelength without lose many efficiencies; meanwhile, the decreasing of pump
wavelength is very easy to accomplish for EPIC-FEL. So with such benefits, we bslieve that EPIC-FEL will
has a very bright furture.
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Electromagnetic Wave Pumped Ion-Channel Free-Electron Laser

Liu Shenggang’, R.J. Barker™, Gao Hong’, and Yan Yang
"University of Electronic Science and Technology of China, Chengdu 610054, P.R. China
~ TAFOSR, Washington DC, U.S.A.

Abstract
Theoretical study on electromagnetic wave pumped ion-channel free-electron laser
(EPIC-FEL) is presented. The physical mechanism responsible for the generation of
coherent radiation in the EPIC-FEL is described and the fundamental role of the
‘ponderomotive wave in bunching and trapping the beam is emphasized. The dispersion
relation of the EPIC-FEL has been obtained and growth rates are calculated for different

parameters. It shows that EPIC-FEL has very bright future.

L Infroduction

Ton-channel guiding of an electron beam in a free-electron laser can eliminates the

need for conventional focusing magnets, thereby reducing the capital and running cost.™
Moreover, the presence of the ion-channel allows beam currents higher than the vacuum
limit and also helps radiation guiding.” So there should be higher efficiencies and lower
wavelengths for ion-channel guiding FEL. The linear theory of a wiggler FFL with ion-
channel guiding has been presented by P. Jha ez al.*! They have shown that the steady-state
transverse electron motion generates a similar set of stable and unstable electron orbits, and
a substantial enhancement in peak growth rate could be obtained when the ion-channel
frequency approaches the wiggler frequency. Comparing with wiggler FEL, there is a
shorter period in an electromagnetic wave pumped FEL. So under the same injection
energy of electrons, one can get a more shorter laser wavelength output. Motivated by the
benefits, the study on electromagnetic wave pumped ion-channel free-electron laser (EPIC-
FEL) will be more useful. .

Radiation generation in an ion-channel was first proposed by Whittum and Sessler
in 1990."Y Then Whittum studied the electromagnetic wave instability of the ion-focused
regime in detail ) The Ion-ripple Laser was proposed by Chen and Dawson in 19927
Tang et al.™® studied electromagnetic wave instability in an ion-channel electron cyclotron

maser (ECM) and proposed the concept of the ICECM. Recently, The ion-channel hybrid

[0




instability was proposed by Liu et al.”! It was indicated by K.R. Chen!"® that two bunching
mechanisms exist for wave amplification in the jon-channel laser, cyclotron maser and FEL.
Thert; should be a competition between axial bunching and azimuthal bunching, however,
axial bunching is mainly considered in FEL, including the discussion in [3].

In this paper, we presented the linear theory of EPIC-FEL. In the following
discussions we also mainly consider the axial bunching for simplifier. Section II shows that

there has an unstable electron orbits regime when Q, = w,, while there has a ion-channel
instability when Q, = w,. Electron axial bunching is introduced in section Il and the

dispersion relation is obtained in section IV. Section V is the discussions and calculation

results. Conclusion is given in section VI.

IL Electron transverse motion

Consider a relativistic electron (charge -le|, rest mass m, relativistic factor 7o)
moving along the z axis. A backward scattering electromagnetic (EM) wave as a pump
wiggler field is described by '

A, = A [e" ™", 4 e (@iheg ] (1)
where 4, is the amplitude of EM wave field, k, =27/ Ay, A, is the EM wave
wavelength, e, =(e, tie, )/2. The transverse static field caused by the ion-channel has a
form of

E;, =4 (x,y,0) (2)
where 4, =4nleln,, n, is the plasma density. In a form similar to representation of the
wiggler field (1) we represent the forward stimulated radiation by

Ax(z,8) = A [ ™e_+e7 =M ] (3)
where A, is the amplitude, k is the complex wavenumber, and  is the real frequency.
So, the total electric field and magnetic field are

D 13(4, +Ay)

E(z,0) =‘—5‘x p 2 +4 x (4a)

B(z,1)= —-g—[e: x (A, + Ag)] (4b)

where X represents the transverse displacement, @ is space~charge potential with the perturbed
density &, and is given by




-%?i = 4rle|dn : (4c)

The transverse velocity can be determined by the motion equation
dapP

- |e|[E+%(va)1 )

where P=m)V , y is the total relativistic factor. Substituting eqns. (4a) and (4b) into (5) vields

Lo 181D 7R oy x 6
dt c dt A ®)

In above equation the subscript L represents the transverse component. For the electron stable
€q P p P
motion, assuming X, , oc e’ = e\ “o*%"0X we have
i
Xo=— Vw
% N ¢)
_lel 4,

V = —_
my,c Sy

ieo

2

)
where Q= 1—6'2- ., o, =(4rxlef n /my,)" is plasma frequency. We can see that for the
0

electron steady-state motion, there is an unstable value when Q, = ;. The electron motion-

orbits was similar with Ref. [3], i.e., also have two stable regimes.

For the perturbed motion of electron, assuming X, g~ = g @) then

i
X1 = ErVu .
V - 'e | . AR
u= .
my,c

2

where Q,, =1-—=%. In above derivation we used the approximate of y, instead of
Q

y . That
1

means we mainly consider the axial bunching. From eq. (8), the ion-channel instability will happen
when Q, = w,.

1. Electron axial motion and bunching
From charge conservation, the perturbed beam density is given by
én o,
—_— = %)
a &
where &/, is the perturbed axial beam current given by

lef

&, (z,1) = —|el(n, &, +nv ) ' (10)




Ineq. (10) év, and v,, are the perturbed and unperturbed axial electron velocities. Combining (9)

and (10) yields the following expression for the perturbed density:
d_&z = —no @ (1 l)
dt e

Taking the axial component of the motion equation, eq.(5), and using the relation
dyldt=-|e|(v-E)/mc?, we find that

ﬂi:—ﬁi——@+l(:'x8)-e,—vi - E)] (12)

dt my, é& c et
Linearizing (12) by keeping terms to first order in the radiation field yields
51511 |e| {_ -2 X +I[( ko _k ) wﬂzo + a’oﬂzo w- (_ -l)]@ (.,t)}

at Q, Q Q, Q, 9,99, Q
(13)
where Cbp(z,t) - "leJ; AOARei[(k+k.)z-(m-mo)tl (14) -
Vo€

is the ponderomotive potential and y,, = (1- B,,°) "%, B,, = v,, /c. Taking the convective time
dernivative of both sides of (11) and( employing (13) and (4c¢) yields
o mo le] __lf__ @B, + woﬂzo o/ ( t)

DS on=-
dr* Yo 10 ) [(Q Q, Q, cQ, QnQ:oQ Q

(15)
where @, =(47|e|* n,/m)""? is beam electron frequency, 7, is beam electron density.

Equation (15) shows that the perturbed charge density is driven by the ponderomotive potential

wave.

IV. Dispersion relation

The wave equation of radiation field is

8 1 ar
z __ . =——J, 16
Z° o a:)AR - J. : ' (16)
where J, =-|e|(nV,, + &V,,), substituting eqns. (7) and (8) into eq. (16) yields
2> 16 o _drle|’ A
______ A L on : (17) -
(&z - ran) R my, i0




-

Since the phase of the ponderomotive wave is [(k + k,) - (@ — @,)t], we see from eq. (15)
that the perturbed density should have a similar dependence in the time asymptotic limit,
hence we write

&(z,1) = Sietrii-(@-o (18)

Using (18) together with (14) and (15), by eliminating & and A, eq. (17) becomes

-

., w? ?
(@° -c*k* -—2=){[(w -w,) - (k+k, v, )} ——5}
7;0 i; Yo7 z0 2 (19)
=a)_b_lfg_(k+ko)[_l_€0_+ k _wﬂzo +a)0ﬂzo - wi (9_0_1)]
Yo o Q, Q, Q, &, Q009 Q

—= \is EM wave wiggle velocity. The above equation is the EPIC-FEL

dispersion relation. When @, =0, we may get the vacuum case. In this case,
Q, =Q, =1, the eq.(19) reduces to the conventional EM wave pumped FEL dispersion
relation!].

Comparing the dispertion relation with that of the wiggler ion-channel FEL (WIC-

FEL) case, there are some differences. First, there is additional effect coming from @, in .
EPIC-FEL,; second, A, which is the amplitude of the wiggler field is replacde by A4,; third,

there is a product that 1/2 multiple the left of the dispertion equation in the wiggler FEL
case. So, they may bring some difference for two cases when we analyze the relation

properties. For example, considering the case when A, = 4,, we can easy conclude the

growth rate in EPIC-FEL will double higher than that in WIC-FEL.

V. Numerical Calculations
Note that the phase velocity of the wave should be synchronize with electron beam,
Le. v, =V, . The axial phase velocity is '

_9-9,

= 20
Ve T Tk, (20)
2 2
So we can get k = g-i&‘;l—ko and w = E——’i‘-‘;—)—wo. But for a forward EM wave pump,
' (-8 (= F%)
we get the ponderomotive potential as
— pil(@-ag)t-(k-ks)z)
O, ~e =(k=ke) ¥3)) |

Bo




¢ il —m Y-k "w\'l (m

4

. O - o . o .
Therefore v, = P % It required that B,, = 1, we can see it is difficult to satisfy thus

0
condition for forward wave to amplifier the wave.

Under the conditions of resonation for backward wave pumped, 1i.e.

k____(l+ﬂ:0)2k

1= gy o we can get Q, =Q, and Q,, = Q, . Then the eq. (19) is reduced to
“Fzo

@ ek~ %) (@0 - (ks P - P22 P
7o€% Yo Yo

In obtaining eq. (22) the use of the approximations, w ~ ck, w, = ck,, B,, =1 and

k>> k, has been made. Above equation has been solved on a computer with 7, =6.0,
ky=2x/3cm™, B, =V,/c= 0.2/y,, B, =0.98 and w, =ck,. The growth rates (Im k)
are plotted versus frequency for appropriate values of x (@, /Q,) for two stable regimes in
Fig.1 and 2, respectively.”™ The parameters used here are list all in the figure captions. In
order to satisfy the Budker condition for propagation of an elecfron beam in the ion--
focused regime, the beam electron frequeﬁcies are different for regimes I and II in Figs.1
and 2. A plot of peak growth rate with x for regimes I and II (for the same parameters as in
Figs. 2 and 3) is shown in Fig. 3. In regime I, with and increase in x the peak growth rate
increases monotonically up to the singularity at the orbital stability boundary (x = 1). In
regime II, the peak growth rate decreases slowly as @, becomes large. The results of the
calculations are very interesting. Our results show that the values of the growth rates are

lager than that of the magnetic wiggler case and the operating frecjuencies are much higher

. . 1+8,,)°
than that in magnetic wiggler case. From w = (+5) @, =yi(1+ B)w,, we can see

(- B%)
that these can be explained by providing the pumping frequency and the beam energy are

high enough. The growth rate in this case enhances as o, ~ Q,.
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Fig. 1 Spatial growth rate Im k(cm™) vs @/c (cm™).for regime I
orbit, @, =1.8x10"s™".
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Fig. 3 Peak growth rate (Im k) (cm™) as a function of x for
regimes I and II.

VL Conclusions
In conclusion, we have analyzed the wave generation in an ion-channel EM wave
pumped FEL, and derived the dispersion relation. The presence of ion-channel may lead to
substantial enhancements in growth rate as w, ~Q,. Thes eement with esult@

731
~Lj¢}' — obtained in Ref [3]. But the values of the peak growth rates and resonate frequencies are

larger than-t-hat@'m t-he-fomer case. For all kinds of FEL, we can ﬂZrTve A=A 12y7,
where 1 and A, are the radiation and pump EM wave wavelengthes in the kind of EM

pumped FEL case or radiation wave wavelength and wiggler period in the kind of wiggler
FEL case, respectively. In order to operate FEL at low wavelength, two methods have
been used. First, reducing the wiggler period,{ \\ye know it is very difficult te~ebtain for v
c-onventional wiggler FEL case. However it has no problem for conventiamal EM wave
pumped FEL. Second, increasing the beam energy. But it may cause lower efficiencies.
However, in ion-channel kind of FELs, the ion-channel can aid the electron beam focusing
and can compensate the efficiency lose by adjusting the plasma frequency (eq.(22)), so

under high beam energy case, this kind of FEL can be operation at very low radiation

wavelength without lose many efﬁcienciemanecreasing of pump wavelength
o1\ :




is very easy to accomplish for EPIC-FEL. So with such benefits, we believe that EPIC-FEL
will hag a very bright future.
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~ Dispersion characters of wave propagation along
a plasma waveguide in a finite magnetic field*

Liu Shenggang** , Zhu Dajun***, YanYang™ , R.JBarkers***
Abstract Further theoretical study and computer calculations on wave
propagation along plasma waveguide in finite magnetic field are given in the
paper. It gives accurate dispersion equations and shows that dispersion
cheracters of wave propagation in partially plasma filled waveguide are quite

different with that in completely plasma filled waveguide, and the dispersion

curves of all waves can not pass across the critical frequency line:

1
O=0,= (Qi + co;)z. It has been found that some calculations given in

published papers should be checked and corrected. It shows that the p,=0

curve in the p?, p? diagram. for example, has only one line rather than two’

nnes. as it was given in [5] and [8]. and there is nc so called anisotropic

waves dispersion curve HE, as it was shown in [5). & new kind of waves -

which is unknown in published papers has beern found ., the unusual
dispersion characters of this kind of waves are discussed, and hence there
are two kinds of waves, electromagnstic waves anid waves containing quasi-
static paris: The paper also calls in question the concept of "coupiing of
dispersion curves between modes" and presents an alternative physical
explanation on the unusual curvature of dispersion curves of scme modes.

|. Introduction '

The wave propagation along a waveguide filled with plasmas immersed in a

magnetic field has been well studied(1}'3]. References [1-2] are pioneer
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*** High Energy Electronics Research Institute, University of Electronic Science and
Technuiogy of China, Chengdu 610084, P. R. China.

**+*AFOSR, USA
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works. In [4]-[6] , completely plasma filled waveguide was studied, and in (8],
dispersion equations of partially plasma filled waveguide was given, but only
for symmetric modes. In [7], theory of partially plasma filled waveguide was
presented, but there was no calculation, and the boundary conditions used
was not standard. Theoretical study both for par‘tially and completely plasma
filled waveguide has been given in [3], based on this, detailed analysis and

complete numerical calculations are given in this paper. The paper shows:

=0. Only

. . . F(pl >p2 9k)
1. The accurate dispersion equations should be ———D——

when D # 0, we have F(p,,p,,k) =0, as it was given in previous published

. Flp.p,.k)
papers, and we can prove that when D -0, the limit of })u'% -——I-)——- exists

and continues. The dispersion curves, therefore, remain unchanged.

2. The cut-off frequencies and the dispersion characters are quite different
in partially plasma filled waveguide with that in completely plasma filled
waveguide.

3. Numerical calculations show that the dispersion curves can not go acress

1
the critical frequency line @ =, = (cofe + cof,e)2 for all modes, and that also

gives strong influences on wave propagation along piasma filled waveguide
in finite magnetic field.
4. It has also been found that some calculations given in published papers

- should be checked and corrected. The p3 =0 curve in p, p. diagram, for

example, only has one line rather than two lines as it was shown in [4]-[6], [8].
And also, the existence of “anisotropic waves" HE, in [S] was incorrect..

5. A new kind of waves which is unknown in published papers has been
found and hence there are two kinds of waves that can propagate along

plasma filled waveguide in finite magnetic field: they are electromagnetic




waves and waves containing quasi-static parts. The unusual dispersion
characters of this kind of waves are discussed in the paper. |

6. It calls in question the concept of “coupling of dispersion curves between
modes" presented in [5] and [6], and an alternative physical explanation on
the unusual curvature of dispersion curves of some modes.

The paper is organized as following: Section l. is introduction. Dispersion
equations for both partially and completely plasma filled waveguide are
discussed and analyzed in section Il. The calculations of cut-off frequencies
are given in section Ill, and the numerical calculations of dispersion
equations both for partially and completely plasma filled waveguide are given
| in section V. A new kind of wave that contains quasi-static parts and did not
appeared in published papers are analyzed in section IV and it shows that
there are two kinds of waves in plasma filled waveguide. Section VI calls in
question the concept on "coupling between dispersion curves of modes” and
an alternative physical explanation for the unusual curvature of dispersion
curves of some modes was presented. Section VIl is the conclusion. The
derivations of the dispersion equations of the waves containing quasi-stafic
parts and the corresponding expressions of field components are given in
Appendix.

Il. Dispersion Equations

It has been shown that for plasma filled waveguide in finite magnetic field,

we have two coupled wave equations for Ez and Hy:

V?E, +aE, = bH, | (1)
ViH, +cH, =dE, (2)
Decoupling eq. (1) and (2), we get:
[Vl +(a+c)V? +(ac- bd)]Ez =0 (3)
[V_‘L +(a+c)V?2 +(ac-bd)]Hl =0 (4)

Factoring eq. (3), we get:




(Vi+p})E, =0 (5)
(V2 +p})E, =0 6)
Where: E,=E, +E, (7)

Eigen values p? and p2 are given by:

p:, =%{(a+c)i[(a+c)2 -4(ac—bd)]%} (8).

or:

P = %[Yz(ax + 83) + kz(eléz +g] + 82)] e
1
1 2 )
e O NS B
!

The same equations may be obtained for H,{3H5].

(9)

2| —

If p; and p: are assumed:
p; # 0, p; =0 (10)
we may find the corresponding solutions (eigen functions), for example, for

cylindrical waveguide, we have:

E,=E, +E, ‘ (11)
E, = ij;n(pxr) (12)
E, =A2]m(p2r)
-~ Then we get:
H,=AhJ_(pr)+A,hJ (p,r) (13)
where:
(v? + K'e, )= -pl,
h,= : (14)




The transverse field components may be expressed by means of E; and H(31.

The boundary conditions are:

r=R_:
E,=E,=0 (15)
r=RP:
EI =EII ]
EI =EII
H(-i _I_Iell ( (16)
H) = HY

Then, the dispersion equations may be found:

2
1 1 1 m 1 1 m :
—C, +—C, +——c3+[——J(——c4+-—-c5)+(—) C,=0 (17) -
p'D D? p R\ p’D D? R, .

P

where

C.=v7pk{[p (PR, )T, (P:R, ) - o (p:R, I (PR, )] [5Q +

(EsK: - elpl:)(SBK: - Slpg)
K

~(e;K? - &, )pT (PR, )T (PR, )]+ (£ K* -k} )F

[(e,K7 - £,p2)p T (PR L (R, )~ (£,K7 — .07 )pat (p:R, )1 (R )]}

r-]mp{eowq[(e;w oot (o:R 1R )

(18)
C, =epp:dn (PR L (PR, NP2 - 1)k (v - K?) + e kK] (19)

C.=Kk%,p%,(p2 - p?)QFJ (PR, )1, (P:R,) (20)




C, =81k2p(p§ - pf)Jm(lep)Jm(pZRp)(egyzF—SDk:Q) +
SR, )T (PR, v kie e, (52— p2) + £, 7K (e K2 —5,k2) +

K*(e,K* - £,p)(e,K? —Slpi)]—:—’ (PR, . (P:R,)-

[v?kese, (P2 - p}) + £,y k2 (e, K2 — £,k2) +K2(e,K? — £,p? ) (e,K? -¢,p3)]

(21)

C, = :2 Jm(p;Rp)J'm(sz,,)[sziélngz(pi -pi)-elrki(y - K?) -
8

vkie e K* + (ki - K*)(e.K? - €,p?)(e.K* - ,p2) + k(e,K? — £ k?)-

£ 8

(e:K* ~&,p}) + £,7°k2K2(e.K? —£,p2)] - 217 (p,R, )3, (p.R, )-

g

m

[szZE,ngz(bf - p_) - ezy:k;(yz - KZ)—yzkzslng‘ + (1\; - K‘)-
(ESKE - 81p,2)(83K2 - 8,p§)+ k;(lez - €gkz)(83K: - Elpg) +
e,V kiK' (e.K* ~ ¢,p7)]

(22)
Comer L BRI pR o - ) S -1 1) o
p?=v?+k%, | (24)
D=K*-k; - (25)
K?=y? + k%, (26)
k; = 0’p,E.E, =k, (27)
g, =|g,). £, =-Jg,
and:




Q_ N, (pR)J, (PR,) = J, (PRON_ (pR,)
" J.(PR,N, (PR.)=J (PR,)N, (PR,)

o _ Nu(PROV, (PR,) =T, (PRON,(PR,)
J.(PR,ON_(PR.) =T (PRN_(PR,)

Eq. (17) is a general dispersion equation for magnetized plasma waveguide.

(29)

Now, based on this dispersion equation, we can discuss the following special

cases:

1. The general dispersion equation (17) shows that it contains

2
(__m_] , [Rﬂ] and symmetrical (m=0) terms. For m=0, the symmetric mode,

R

p P
we can get the following

dispersion equation:

1 1 1 .
pzDCl +-§C2 +—:C3-=O (30)

2. When R =R. I. . the waveguide is fully filled with plasma, the dispersion

equation (17) reduces to the following equation:

: K? ) ) .
pIJm(lec )Jm(pZRc )[Yki - TYS_.(SSK- - elpl. )} - pZJm(pZRc )Jm (lec ) )

8

e 78,

K? m & ki, | '
{’fkﬁ“F(eus-S.pi)}(ﬁ—J ¢ (p? - p2 )3, (p,RI, (p.R,) =0

(31)
Actually and more accurately, the dispersion equations should be written as:
| 1
—F(p,,p.,k)=0 (32)
- D
Where D is given in [25] and F(pl,pz,k) is the rest part function of the

dispersion equations (17) or (31).




Only under the condition D=0, we can get F(p,,p, k) = 0 as usual.

. Flp,,p,.k
We can prove that the limit lm_(ﬂLl

exists and continues.
D-0

It has been shown that no matter eigen values p? and p! are real,

imaginary or complex, there are waves that can propagate along plasma filled
waveguide in finite magnetic field, the classification of waves will be
discussed later.

It has been shown also that there is a critical frequency(3I:
1

co=coh=(cai+m§e)2 (33)

" If this resonance occurs, there is disruption of the wave propagation, this
means, the dispersion curves for all wave can not go across the critical

frequency line.
Since the Bessel function has the property of J.(x)=J__(x), and the sign -

of e, depends on the wave propagation direction along or against the
direction of magnetic field B, = B &,. Eq. (17) and (31) show that there is

some kind of nonreciprocal property for the waves propagating along plasma
waveguide in finite magnetic field, the problem about the nonreciprocal
property will be discussed in detail in authors' another paper.

lll. Cut-off frequency

Let y =0, from eq. (17) we get the following equation for cut-off frequencies:

J.(pR,) gl +¢? J.(pR,) m
K| p, P pQ | & &2 pp g p, m P2l M (3
lJm(plI{p) p 8D ] ZJm(p2Rp) RP i
wi=0). pi=(p?))
Where at y =0, we have p? = k’¢,, (p?) =k, (p?) = kz-g—‘z—i—e—?
v < E}

In the case of Rp = R_, the completely plasma filled case, Q — oo, F — 0,

from equation (34), we get:




Jolp:R,)  me, | )

+
I (Psz ) R &P,

kJm (lep )

From eq. (34), we can get three equations for cut-off frequencies of the

waves:
k=0 (36)
J'm (lep)
-pQ=0, p?=(p? 37
P, Jm(lep) pQ P, (Pl )C (37)
& P T R) R, TP w). o

We can get analytical calculation expressions by using eq. (35), (37), (38).
So we can classify the electromagnetic waves using the cut-off ‘
frequencies. The waves their cut-off frequency equation is (36) are plasma
waves. Eq. (37) represents EH waves, the cut-off frequencies of which are

only the function of ®, and have not any relation with o .. Equation (38) are

the cut-off frequency equation of HE waves, which are not only the function of
o,, butalsoof ¢ .

The numerical calculation results of equation (37) are shown in figure 1. It
gives the relation of cut-off frequency of EH waves with ®,. The resuits of

equation (38) are shown in figure 2 and figure 3. They give the relations of
cut-off frequency of HE waves with ©, and o . In these figures, (a) is for

completely plasma filled case (R, /R, =1), and (b) is for partially plasma

filled case (R, /R, =0.7). Infigure 2 and 3, there are two special curves of

Jol+dol+o, ' .
o, and ¢.. Where ©,= is the solution of equation

2
- Voo +40. -0,

K*=-k; (D=0) under the condition of B=0 0, = . is the




solution of equation K? = k? (D=0) under the condition of § = 0. Curves o,
and o, will be discussed later.

From the calculation results of cut-off frequency, as shown in Fig.1, Fig. 2,

and Fig. 3, we have the following important points:
(1). For EH modes: the cut-off frequencies are all higher than o in

completely plasma-filled case, but can be lower than o in partially plasma-

~ filled case. (2). For HE modes: the cut-off frequencies are all higher than ¢.
in completely plasma-filled case, but can be lower than ¢, in partially
plasma-filled case. Also, with the increasing of ¢ , more modes are
condensed up near @, .

(3). For each mode, no matter EH wave or HE wave, the cut-off frequency is
increasing with the increasing of o,. But this increasing rate becomes slow

when o, >, in partially plasma-filled case.

(4). There are more condensed modes in partially plasma filled case

compared with completely plasma filled case. Also, for HE modes, there are

many modes nearly below o, .

(5). For HE modes, if the cut-off frequencies are below @, they are called
cyclotron modes. If the cut-off frequencies are higher than o, , they are called
waveguide modes. The curve of mode HE,, is usually coincided with the line
o,

IV. Numerical calculations of dispersion equation

Now, we give the numerical calculations of dispersion equation (17) and
(31). and make anélysis of the calculations. We have found that some
calculations given in [4] and [5] should be checked and corrected.

At first, we have calculated the eigen value diagram, as shown in Fig. 4, it
can be seen that the curve a of p, =0 is one line going across w,, Not two
lines which was given in Fig. 1 of [5] (We present it as a little figure on Fig. 4

in this paper). Both analytical and numerical study show that on the line of




® =@, we also have p, =(0. But the curve a of p, =0 is the line of

2

0’ +00, -0, . o
(see section V and Appendix), it is one

equation B* =k? [ )
olo+o,

continuos line, not two lines as it was shown in [4]-6], [8] (for example, Fig. 1
in [5]).

Fig. 5 shows rather complete dispersion curves. Dashed lines show three
special critical lines: D=0 and p, = 0. Here again there is difference between
our calculations with that given in Fig. 2 of [5]. Mainly, the cut-off frequency of
HE,, mode is below @ ,, so the mode dispersion curve will go across the line
of p, =0. We have also found that there is no HE, mode, and the curve for
HE, mode given in Fig.2 of [5] is actually the line of p, = 0. |

From Fig. 5, we can see that there are mainly three kind of waves: the first

is plasma modes their cut-off frequencies are zero. The second is the modes

their cut-off frequencies are lower than o, , these modes, include EH modes
and HE modes, are cyclotron wave mddes. The dispersion curves of these
cyclotron waves will be condensed between o, and Max(coc, mp). All
these dispersion curves can not go through o, line. The third is the modes
their cut-off frequencies are higher than ¢,. They are all waveguide modes.

Fig. 6(a) and 6(b) show some waveguide waves, there is also difference with

that given in Fig. 3 of [5], the mode HE, should be below mode EH,,.

Fig. 7 and Fig. 8 show some waveguide waves the cut-off frequencies of
~ which are close to o, Again there are differences between our calculations
with that given in Fig. 4(a) and Fig. 5 of [5]. It seems that in [5] Fig. 4(a) the
curve EH,, was confused with the line of D=0, p, =0, and the curve HE, is

really the dispersion curve of HE, .Fig. 8 shows that many EH modes are

cyclotron modes.
It should be mentioned that in order to easily make comparison, all

parameters used in our calculations are the same as that used in [5].




One of the important differences between us and [5] which should be noted

is that in [5] it was presented that there are so called anisotrdpic waves for

which one of the eigen value is negative (p} <0 or p2 <0). Our opinion is

that there is no such kind of mode. The reasons are:

1. A number of waves their dispersion curves can go through one zone

(p; >0 or p; >0) to another zone (p? <0 or p? <0), that means one of
the eigen values (p? or p]) changes sign naturally, it does not cause to
appear a new kind of waves.

2. The dispersion curves of anisotropic waves HE, given in [3] is actually
nothing but the curve of D=0, p, = 0. It has no mean with “anisotropic waves",

the waves associates with D=0, p, =0, are discussed in section V and

Appendix.

For the partially plasma filled case, the dispersion characters are different.

Fig. 9(a), 9(b) show the dispersion curves of the partially plasma filled case.

They are the dispersion curves in a partially plasma-filled waveguide with

E"- =0.714. The dielectric is vacuum. Compared with the completely plasma

[+

filled case, we can see that for these modes of W, >0, the dispersion
curves have a slower increasing rate of frequency with BR,, because the
curves can go across the second line of D=0, p, =0. So by changing the
thickness of dielectric the phase velocity of each mode can be changed. Also,
- there are more modes in partially plasma-filled case. In partially plasma filled
case, there are also a line of p=0, this line will go through the dispersion
curves of cyclotron modes. As in the condition of D=0, the dispersion
character of waves in this case is also different. The discussion in this
condition is just as in the case of D=0, which will be discussed in the follow
sectipn.

V. A new kind of wave




Mathematically, if one of eigen values vanish, for example, p, =0, (i. e.

K*= :tk;) then the corresponding wave equation becomes Laplace equation:

VIE,, =0 (39)
The solution is:

E,=A1" (40)

H, = Ah" | (41)

Physically, this belongs to quasi-static waves. It is obvious that this part of
waves is closely connected with plasma.
We obtain, therefore:
E, =A,Jm(plr)+A2r"’ (42)
H,=AhJ_(pr)+A,h,r" (43)
As Appendix shows, the transverse components of fields present two kinds of

wave polarization, the left hand polarized wave (LHP) which corresponding to

K* = ki and right hand polarized wave (RHP) which corresponding to
K= —k;. By using the boundary conditions, we can obtain the dispersion
equations at Rp =R,

For LHP, the dispersion equation is:

h,[ = Jm(p,Rc)—M]—thm(p,Rc)Lm‘-,R° }o

2K’R, P,

For RHP, the dispersion equation is:

J R
hl[ 0 Jm(lec)+—L(p‘-—i:l_hZJm(lec){? o + RC }=O

2K°R, P,

The detailed derivation of eq. (44) and (45) is given in Appendix .




modes"
In [2], [5] and [6], a concept on the "coupling between disperéion curves of‘
modes" has been presented to explain the unusual shape curvature of the
dispersion curves of some modes, as shown in Fig. 3 and Fig. 5 in [5]. In this

section we deal with the concept. The reason for presenting such concept is
stated in [5] and [2]: "there exists a value of magnetic field B, such that the

cut-off frequency of the lowest waveguide mode (EHO,) is less than the

upper-hybrid frequency. The dispersion curve of EH, mode is then

incorporated with the family of cyclotron waves and coupled with one of them.
When the cut-off frequency of waveguide mode (Ean) is less than the cut-

off frequency of the lowest cyclotron mode HE;, the coupling occurs between

dispersion curves of these two modes".

In fact, there is no solid ground to support this concept. Since eaéh mode is
independent, the dispersion equation, which is valid and independent for
each mode, is derived by using the smooth wall boundary conditions and the
field components expressions that are also independent for each mode.
Therefore, during the entail physical-mathematical process of the problem

concerning the dispersion characters of the wave propagation along
magnetized plasma waveguide, except the coupling between TE_  and

TM__ which causes that the waves are always hybrid, there is no any other
coupling mechanism at all. It is hard to believe that there exists any coupﬁng
. between dispersion curves of modes. This paper, therefore, calls in question
this coupling concepf.

The numerical calculations show that the unusual curvature sharp of the
dispersion curves of sorﬁe modes really exists. The problem is how to make a
proper explanation about this phenomena. In this paper, an alternative
explanation for this phenomena is presented.

Lodking at the figures given in [2]-[5], the Fig. 8 in this paper, for example, it

is easy to find a fact that all these "couplings™ occur in the vicinity of the line




In addition, there is one more equation:

pi2=a+c=i[y2(s,+83)+ k’(s,e3+ef+a§)] (46)
8l

So together with the equations of p, =0, the dispersion characters of the
new waves can be determined.

The numerical calculation results show the solutions of €q. (44) are some
spots on the curve of K* = kZ, that is:

2 2
0 +00, -0,

B* =k’ (47)

o)(e) + mc)
where (y = jf3), and that for eq. (45) are some spots on the curve of
K? =-kZ thatis:

0’ - 00, -0}

B? =k’ (48)

c-)(co - mc)
Carefully theoretical study and numerical calculations show that we have
three kinds of curves on dispersion diagram: dispersion curves (eq. (31) or
(17). for example), dispersion curves (eq. (44), (45)), and D=0 curve. These
three kinds of curves may go across each other on some common discrete
points, as shown in Fig. 10. At these points the waves consist of two parts,
electromagnetic wave pavrts and quasi-static parts.
We, therefore, have found a new kind of waves that contain quasi-static

. field components, and there are two kinds of waves: electromagnetic waves,
for which pf =0, p;‘ # 0, and waves containing quasi-static parts, for which

p: =0 (or pi =0). The electromagnetic waves have been well studied. but the
new kind of waves that contains quasi-static parts is unknown in published
papers.

Thus we have found that the wave propagation along wavéguide filled with
plasma in finite magnetic field may have quite unusual dispersion characters.

V1. The question of "the coupling between dispersion curves of




Thus, we call in quesﬁon of "the coupling between dispersion curves of
mode". We think these curvatures represent their own dispersibn characters
of each mode, coupling does not exist.

VII. Conclusion
This paper gives a completely study of the wave propagation along
waveguide both partially and completely filled with plasma immersed in finite
magnetic field. The following main contributions have been obtained:
1. It shows that there exist quite big difference of cut-off frequencies and
dispersion waves between partially and completely plasma filled cases.
These differences have been discussed in sectiovns Il and IV. It shows, for
example, that by means of changing the thickness of the dielectric tube, one
can tun the dispersion curves of the propagating waves in partially plasma
filed waveguide, and there are more condensed modes of waves near

©® =, in partially plasma filled case.

2. It has been found that the calculations given in [5], [6], [8] should be
checked or corrected. For example, the curve of p3 =0 in the eigen values
diagram shown in [4]-[6], [8] has two lines seems incorrect, it only has one

line as shown in Fig. 4 in this paper. It shows that the so called anisotropic

wave HE, presented in [5] seems can not exist, and it also shows that the

dispersion curves of HE, given in [] is really nothing but the curve of p§ =0.

3. A new kind of waves has been found . These waves contain quasi-static
field components and are associated with D=0, p§ =(0. The dispersion
characters are quite unusual: the dispersion characteristics depend on the
discrete points, rather than curves, which are the common cross points of the
curves p§ =, the usual dispersion curves of wave propagation (eq. (31) or
eq. (17), and the dispersion curves given in section V and Appendix of this
paper.

4. The paper calls in question the concept of "coupling of dispersion curves

between modes" presented in [2] and [5], and presented an alternziive

bl




1
®=0, where o, = (coz + o)f,)?, and are happened among the dispersion

curves of the modes the cut-off frequencies of which are close or even less

than ® =®,. It reminds us that, at ® =w,, all modes can not propagate,

there is disruption of wave propagation at @ = o, for all modes and waves. It

will be shown that by using this fact, the unusual curvature sharp of the

dispersion curves of some related modes may be explained successfully.

As shown in Fig. 3, with the increasing of ® ., more modes are condensed
up near o, . Their cut-off frequencies should all be a little bit higher than ®,
the dispersion curves of these modes must be unusually curvature in the
frequency region close to the line of @ = ®, . Because the aispersion curves
can not go across the line ® =, and the factor 1/((0 - coh), is involved in
the dispersion equations through €, €,, € and p?, p3, and becomes very
large in the vicinity of @ = ®,, it is obvious that the influence of this factor on -
the dispersion curves is very strong. Therefore, the dispersion curves of
these modes (the cut-off frequencies are less than ®, Or close to ¢, ) must
have unusual curvature. These facts are enough to explain the unusual
curvature sharp of the dispersion curves of the related modes.

We have the following points: at ﬁrSt, for the modes their cut-off frequencies

are a little bit higher than o,. there are condensed dispersion curves of

modes near the line ® =w,. Secondly, as a results of these condensed

dispersion curves, these curves must have unusually curvature. Thirdly, in

~ addition to these two points, for those modes, the dispersion'curves of which

can be close to the line of © =, , the factor of 1/(w - coh) becomes very

large in the vicinity of ® =w, line, and this factor is involved in the
dispersion equation, therefore, its influence on the dispersion curves is
strong. And finally. the lines of D=0 and p=0 in the partially plasma filled case

also give some influences on the dispersion curves.
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physical explanation on the unusual sharp of the dispersion curves of some
rr-lodes. |

Thus, the paper provides a good theoretical ground for better understanding
in physics and further study of the problems of wave propagation along
waveguide filled with plasma in finite magnetic field, that is very important in a
variety of areas in science and engineering, such as high power microwave
generation and microwave excited plasmas.
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. Equation (A8) is taken into consideration first, which is corresponding to

LHP waves. When K? = -k, the equation (A8) becomes:

jEr +Ee = ] [_y(aEz +EE2)+®HO(6—;{TL+EH1)] (A10)
r

2K? or r

From the Maxwell's equations:

VxE=-jopu,H | (A11)

So we get:

E, E, .m .

—>+=> = j—E, =-jouH, (A12)

o r r
The equation for E, can be derived from (A10) and (A12):
r-OAE—e+ (m+1)E, = -jop,rH, + sz [—y(i\E—z-g-P—l‘Ez)-{»muo(a?z '*'EHz)]
cr 2K or r cr T
(A13)

The equation (A13) can be transformed into following:

. -

-m a m+ M -m O m a m
o] 2lemen) | ot + S o] 27 ) o 2o

(A14)

The E, can be solved from (A14), and the field components can be obtained:

(pur) rm ] jm

. I..
E, =—Jmpo|:Alhl-———‘—l———- +A,h, 5 + 2K2r(_YE‘ +op H,)
(A15)
J . (pr) r™ 1 OE aH)
E, =op,|Ah ="+ Ah + (— 4 2
; ”°[" P, “2m+2] I T Ty
(A16)
H, =.L(YEB + EEZJ (A17)
O, T




Appendix Field distribution under D=0

According to the definition of a, b, ¢, d:

a=(y2+Kk%,)e, /¢, (A1)
b= jou,ye, /¢, (A2)
c=y +k¥(e? +¢2) /¢, (A3)
d = - joe,ye, €, / € (A4)

Under the condition of D=0, where D=K* - k¢, we can get:
p,=a+c, p,=0

C

hy=-= h, = % (A5)

From equations (3)-(7), under p, =0, we can get the expressions of Ez and .
Hy: | |
E,=AJ (pr)+A,m (AB)
H, =A,hIJm(p,r)+A;h:r"‘ (A7)

Since D=0, the other field components can not be derived directly from the
Ez and H; under the condition of D=0, and a different method is employed to

get them.
The E, and E, satisfy following equations:

JE,+E, = J [—y(aE’ +EE,)+0);1(,(E§T’ +2HZH (A8)
r

K? -k} or r
. j 6E, m (aH m j ‘ |
E -E,=——|y[-=24"F |-¢ Z - —H,. A9
J T *] K2+k: [‘Y( ar + r z) (’)-U‘U ar r 7 ( )

D=0 means K* = k? or K? = —-k;. The equation (A8) is employed to derive

fields for K*-= —k: and equation (A9) for K2 = k.




(A25)

Actually the dispersion equations in section Il, equations (17), (30) and (31),

shouid be written more accurately:

F(k,y,al,eg,s3)
D
Where D=K*- k: (A27)

=0 (A26)

and F(k,y,e,,ag,83)=F(pl,pz,p) is the rest parts of the dispersion

equation. The dispersion equation, for example, eq. (31) and eq. (17) are

valid only when

D=0 (A28)
If eq. (A28)is not fulfilled, we get p, =0, then we have the case discussed in

this appendix. It is very important to note that we can prove that when D — 0,
the limit of all field components are exist and approach to the results given in
this appendix, and the dispersion equation (A26) reduces to eq. (A24) or

(A25).
For pi =0, we can get similar results.




j aE)
H, =- E + 2z A18
¢} (y r ar ( )

The transverse field components of RHP waves, which corresponding to
K? =k, can be obtained in a similar way:

m+1

I 1
E9=-jcouo[Alh,L“(L’r—)+Ah d } T _(yE, + ouH,)

+
P, *om+2| 2K’r

| (A19)

J_(pr) r™! 1 ( 6E oH
E = - Ah _M“l+A h _ ( Z+' z)

' m“"[“ b, 222m+2] o T
(A20)

H,=-J—-(yEe—J—m— ) (A21)

LU, T
H, =~ (v&ﬁgi) (A22)
PR O\ or

In completely plasma filled case, the dispersion equation can be derived by
the boundary condition:

E,

=R, = EB'r:Rc =0 (A23)

So the dispersion equation for LHP wave is:

m J..(pR,.) m R
h,[WJm(p,Rc)——‘—i"’—]—thm(lec)[ - ;,]=0

And the dispersion equation for RHP is:

m Jm+l(lec) m RC —_
hl[szRc Jm(lec)+ T -hZJm(lec) 2K2Rc + 2m+ 2 -0
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Fig. 1 Cut-off frequencies of EH waves versus plasma frequency w p
(a) Completely plasma filled case.
(b) Partially plasma filled case (Rp/Rc=0.7, € p=4)
Fig. 2 Cut-off frequencies of HE waves vs. plasma frequency w p (wcRe/c=5)

(a) Completely plasma filled case.
(b) Partially plasma filled case (Rp/R¢=0.7, € p=4)
Fig. 3 Cut-off frequencies of HE waves vs. cyclotron frequency w
(w;=1.85x 101051, R=1.5cm). (a) Completely plasma filled case.
(b) Partially plasma filled case (Rp/Rc=0.7, € p=4)
Fig. 4 Areas which determine the signs of eigen values p? and p:
| Np} >0:Z.p? >0, E p* and p; are complex; [_],p? <0, p2 <0
Fig. 5 Dispersion curves of the lowest modes of each type in a completely
plasma filled waveguide for Bp=0.175T (w/w p=1.86),
®p=1.85x 1010s-1 R=1 5cm
Fig. 6 Dispersion curves of symmetrical waveguide modes in a completely
plasma filled waveguide for w ,=1.85 x 1010s-1, R=1 5¢m:
(@) welw p=5.76, (b) w/w p=5.86

Fig. 7 Dispersion curves of waveguide modes in a completely plasma filled
waveguide for w,=1.85 x 101051, R=1.5cm and w ¢/ w p=4.07.

Fig. 8 Dispersion curves of the non-symmetrical waveguide modes in a
completely plasma filled waveguide for w ,=1.85 x 1010s-1, R=1.5¢cm
and (a) wc=8.8x 1010s-1, (b) w=14.14x 1010s-1.

Fig. 9 Dispersion curves of symmetrical waveguide modes in a partially
plasma filled waveguide for « ,=1.85 x 1010s-1, Rp/Rc=0.714,

€ D=1, Re=2.95cm, and (a) w /=075, (b) w/wp=4.14,

Fig. 10 Three kinds of curves on dispersion diagram (m=0, wR/c=5,

w pR/e=6). (The solid lines from €q. (31), the dashed lines

from eq. (45), the dotted line for D=0)
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9. Robert J. Barker and Shenggang Liu, “An Examination
of Plasma Microwave Electronics”.
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PLENARY TH-2

An Examination of Plasma Microwave Electronics » 2

Robert J. Barker
US Air Force Office of Scientific Research, Arlington, VA, USA Drufda A 5,7

Liu Shenggang De, BT Rake,

University of Electronic Science & Technology of China
Chengdu. Sichuan, Peoples’ Republic of China

Abstract-  Gas in microwave tubes is an anathema to the traditional microwave vacuum
elecrronics (MVE) community. The surge in high power microwave (HPM) R&D that began in the
late 1970s signaled a departure from that engineering mindset. The plasma that poisoned the

. thermionic cathode and destroyed signal purity in MVE devices became a shining hope of HPM
researchers. Only cathode plasmas could supply the kiloamperes per square centimeter necessary to
drive the proposed HPM tube concepts. A plasma fill provided an ion background that helped
neutralize electron-beam space charge, thereby permitting greatly elevated beam currents.
Unjortunately, the cathode plasma that supplied prodigious numbers of electrons to feed the drive
beam also expanded to short out anode-cathode gaps. The highly nonuniform cathode plasma
surface is unable to produce the uniform high-quality e-beam necessary for high efficiency and
reproducible output performance. This paper discusses these and other blessings and curses that are
held by plasma for the overall microwave community. A detailed analytical formulation is proposed
to facilitate studies in this challenging field.

The microwave tube engineers who are in the business of producing rugged, reliable microwave
sources take great pains to eliminate every trace of residual gas from their devices. To achieve vacuums
berter than 10(-9) Torr, every internal component is meticulously cleaned. No plastics or liquids are
allowed inside the vacuum envelope. The entire device is baked for days in order to facilitate the
ngorous pump-out. Afterward, cathodes are fired repeatedly thousands and even millions of times to
“condition” them. boiling off impurities and increasing beam qualiry.

These precautions are meant to protect the active thermionic cathode surface from being
poisoned and reducing beam current. They also minimize the presence of ions in the tube that could be
accelerated to cause impact damage to various components. In addition, they reduce chances for surface
flashover of contaminants that short out segments of the microwave configuration. It is not surprising
that gas (and resultant plasma) is the enemy of traditional microwave tube engineers.

The late 1970s witnessed the birth of a new field of microwave source research that sought
extremely high power microwave (HPM) devices. Significantly, the overwhelming majority of the
tesearchers who flocked to this new field emerged from the plasma physics rather than from the
electrical engineering community. The reasons for this staffing anomaly are debatable but the
consequences are clear. HPM researchers view plasma sympathetically, without the gas-abhorrence
traditional to vacuum electronics. For them, a vacuum of 10(-6) Torr could be quite sufficient
Furthermore. the basic research required by their new crop of HPM source concepts mandated the ability
to readily take apart and reassemble their microwave devices in order to continuously make adjustments
and/or replace components that had succumbed to the omnipresent intense fields and beam. In short, the
HPM community worked with “gassy” tubes (by the standards of traditional vacuum electronics) right
from the start. It is only natural that this field gave birth to the Plasma Microwave Electronics (PME)
area that is the subject of this paper.

The initial motivation for injecting plasma background fills into microwave tubes was to boost
beamn current. HPM demands high power electron drive beams. Safety considerations limit the allowed
beam voltage, thus encouraging higher beam currents. Unfortunately, space-charge blow-up restricts the

#  presented ot 248k Int. Conf. On IRMMW . Montery . CA . USA




11. Conclusion

It 1s the tradition that Chinese people always pay much
attention to education, in particular, the higher education.
There is an old proverb in China, it says, To plant a tree, it
takes 10 years, but to plant a person, it requires 100 years. -
Education has been existing in China more than 4000
years. To further improve the education, my idea is: keep
our own feature and learn from outside—do our best for
- the international exchange and cooperation.

I have been working in universities more than 40 years.
My experience is that the most important goal of university
is to train students to have some good customs rather than
to teach them some new knowledge.  Having a good
custom, students can keep up study through their life,
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maximum beam current in vacuum devices. The ions in a background plasma, however, help to
neutralize that negative space-charge and thereby allow greater beam current densities and powers. [1]

HPM cathodes also demand the presence of a plasma. To produce the prodigious electron-beams
necessary for these tbes, cathodes were required to emit kiloamperes per sq.cm. This was far beyond
the capabilities of the best thermionic cathodes. Only explosive electron emission (EEE) in which an
electron-emitting surface plasma was produced by flashover at the cathode, could fulfil] this need.

More recent studies have found other benefits to be reaped from plasmas in microwave devices.
The background plasma has been shown to provide frequency tunabiliry to a microwave source. By
adjusting the plasma density (and/or the axial magnetic field strength) one could change the operating
frequency of a given device by 10% or more while leaving the geometry and e-beam parameters fixed.
[2] Furthermore, the frequency upshifting realizable in such devices could somewhat relax the
engineering costs to produce hi gher frequency tubes.

It was also found that for certain parameter regimes, a plasma fill could reduce or even eliminate
the need for the heavy, expensive axial guide-field magnets. In effect, the plasma not only negated the
beam-electrons’ electrostatic self-repulsion, but also allowed their beam current attractive forces to
dominate, resulting in self-pinching of the beam. [3)

Even more interesting from a scientific standpoint, the plasma background could serve as an
acrive component of the microwave source. The dynamics of e-beam/plasma interactions result in
plasma waves that participate in the microwave generation process. Given the correct choice of
parameters, these waves could replace traditional meta] slow-wave-structures. The richness of new
instabilities has opened the door to entrely new device concepts. [4)

Finally, it must be admitted that if one could accept 10(-6) Torr vacuums in microwave tubes, the
fabrication costs would be dramatically reduced. .

Conventional vacuum electronics condemns gas (plasma) fills for the reasons already stated.
The HPM community has slowly grown to concede that even in their devices, although devoid of
thermionics and “more relaxed’ regarding signal purity, plasma can be an enemy. It is now generally
accepted that internal plasmas are the single greatest cause for the “pulse shortening” phenomenon that
has always plagued that field. Plasma in the “wrong” places can short-out critical structural components
and vastly complicate the problem of microwave extraction from an HPM device. It is clear that the
plasma blessings have come with a price.

This paper seeks to avoid the emotional prejudices of both the vacuum electronics and HPM
communities and to present the benefits and the costs of plasma microwave electronics from a strictly
technical perspective. A fact that emerges is that borh communities continue to benefit from the

scientific dialogue that has emerged from this debate.
Aclknowiedgements.- This work was suppored in part by the US Air Foree Research Laboratory's Fellow Research Program and in pan by the Clnnwe
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8. Development and Enterprises.
Some universities have their own R$D centers and
enterprises.

9. Budget

Central Government gives Budget to the universities and

colleges affiliated by national minstries and local -

governments give budgets to universities and colleges
affiliated by local governments each year. It is always far
from enough.

10. Reform
Different reform approaches are carried on in institutions
of higher learning in order to improve the efficiency and
to upgrade the academic level.




NONTHERMAL MEDICAL/BIOLOGICAL TREATMENTS USING
ELECTROMAGNETIC FIELDS AND IONIZED GASES

Karl H. Schoenbach (Old Dominion University), Robert J. Barker (U.S. Air Force Office of
Scientific Research), and Shenggang Liu (University of Electronic Science and Technology of
China)

Abstract

The application of intense electrical pulses to
biological cells causes changes in the permeability of the
cell membranes. This effect. electroporation. is the basis
of numerous medical, industrial and environmental
applications. The development of nanosecond and even
subnanosecond high power pulse generators and pulsed
microwave sources promises to expand this range of
nonthermal electric field - cell interactions from the
cellular to the molecular level, with the potential for novel
medical treatments. A research field which is mainly
established in the FSU countries and in China deals with

the biological effects of microwaves and millimeter waves.

Extended scientific studies in this field may lead to novel
therapeutic. health and safety applications. A second
technological area. which has developed rapidly, is the
generation of nonthermal, atmospheric pressure plasmas,
with  application in  bacteial and chemical
decontamination. In order to provide a forum for
exchange of information and ideas the “First International
Symposium  on  Nonthermal  Medical/Biological
Treatments Using Electromagnetic Fields and Ionized
Gases™ was held in April of 1999 in Norfolk, VA. The
paper provides an overview of the state of these emerging
resecarch and technology fields based on the conference
presentauons, and conclusions and recommendations for
rescarch and development, developed in discussion
groups at the symposium.

INTRODUCTION

There is generally a negative connotation with the use
of electncity on biological systems. Electric effects on
biological cells are often related to electric shocks,
electric bums. or to electrocution. There is fear that
exposure to electromagnetic fields may cause cancer. the
opinion that electromagnetic radiation is kind of a
pollutant. Much of the research on biological/medical
effects of electricity has therefore concentrated on
potential hazards of electromagnetic radiation, on a better
understanding of damage mechanisms and remedies
against them. The positive effects in bioelectrics have
received much less attention. although there are
spectacular research results. In the medical field, electric
fields have been shown to accelerate wound healing. they
are used for transdermal drug delivery, in gene therapy,
and even in treatment of cancer. There are indirect effects
of electric field/cell interactions, which have a positive

effect on our well being. Pulsed electric fields have been
shown to be useful in bacterial decontamination. an effect
used for example to make our food and drinking water
safer. Electric field techniques promise to be useful in
bacterial decontamination of air, an important research
area considering the threat of biological warfare.

In all these positive effects of electric field-cell
interaction are nonthermal. that means that heating of cell
suspensions or tissues can be neglected. The reason is that
for many of these applications the electric fields are either
very small, or the duration for which the electric field is
applied is too short to cause heating. The latter is the case
in the applications listed above. The spectacular results in
these nonthermal techniques have been achieved with a
technology which is based to a large extend on pulse
power technology of the sixties and seventies. More
recent advances in the generation of ultrashort electrical
power pulses (pulse power technology), allow us now to
extend the field of bioelectrics into a range where
promising new effects of field-cell interaction can be
expected. By reducing the pulse duration into the
nanosecond or even shorter regime, the external electric
fields in the cell become comparable and even exceed the
internal electric fields, allowing us to affect processes in
the cell interior without heating the cell.

The effect of ionized gases on biological cells. in
physics terminology, “plasmas”. was the second topic in
the symposium. In nature they appear as lightning, in the
laboratories and manufacturing plants as arcs and sparks.
These “conventional plasmas™ are violently destructive
when applied to biological cells. Researchers have in the
past years, however. developed “cold” high pressure
plasmas, plasmas with gas temperatures close to room
temperature. When applied to surfaces and gas volumes
for seconds or minutes, they kill bacteria. and offer a
chance to be used as sterilizing agents much simpler than
conventional methods and without harming the
environment.

In order to provide a forum for the exchange of
information and ideas in these emerging research and
technology fields the “First International Symposium on
Nonthermal Medical/Biological  Treatments Using
electromagnetic Fields and Ionized Gases™ has been held
on April 12 - 14. in Norfolk. VA. The symposium was
sponsored by the U.S. Air Force Office of Scientific
Research, the National Science Foundation. the IEEE
Nuclear and Plasma  Sciences Society. the
Biolectromagnetics Society. Old Dominion University.
the College of William and Mary, and the Eastern
Virginia Medical School. One hundred and thirty five




scientists from 12 countries were attending. Eighteen
Invited Talks were given covering a range from basic
microbiology to pulse power technology. Approximately
60 contributed papers were presented in a poster session.
The last day of the symposium was devoted to discussion
on the status of the research field and strategies to expand
it. The meeting was concluded with presentations on
funding opportunities and application procedures.
Presenters were P. Dunne for U.S. Army RD&E. R. Ellis
for USDA. L. Goldberg for NSF. E. Postow for NIH. D.
Quass for EPRI. and G. Roy for ONR. The session was
chaired by R. Barker (AFOSR).

STATUS OF RESEARCH AND
DEVELOPMENT

The interaction of electromagnetic fields with
biological cells has been a topic of many studies since
Galvani. at the end of the 18™ century. explored the
muscular contraction of frog legs under the influence of
electric fields. With the expansion on the amplitude and
frequency range of electromagnetic fields. which are now
accessible and controllable by us. the possible dangers
and opportunities have multiplied. There are several
professional societies devoted to this topic. the most
important one being the Bioelectromagnetics Society.

Although the topic of the symposium covers only a
small part of bioelectromagnetic effects and treatments.
only such that are based on nonthermal processes, there is
still a large spectrum of research directions in this area. In
order to introduce the audience, which consisted of
engineers. physicists. biologists and clinicians. to these
research areas we had invited prominent scientists to give
tutorials and reviews on the important research areas in
nonthermal treatments and on supporting pulse power and
microwave technology. The sessions began with a historic
overview and an introduction into fundamental concepts,
presented by C. Polk. University of Rhode Island.
Particularly emphasis was given to the definition of
nonthermal processes at high electric fields. the topic of
this conference. A classic, nonthermal medical application
of puised electric field effects is the treatment of
ventricular fibrillation by means of strong electrical
shocks. A report on the latest research on ventricular
fibrillation and defibrillation was presented by J. Leon.
University of Montreal.

One of the most important nonthermal processes in
bioelectrics is electroporation, the reversible or
ureversible changes in the permeability of cell
membranes due 1o the application of high electric fields.
Basic principles of this effect were discussed by J.
Weaver. MIT/Harvard. with applications given. The
speaker concentrated particularly on the use of this effect
for transdermal drug delivery. This topic was expanded by

U. Zimmermann. University of Wuerzburg. Germany.

who_discussed the application of electroporation and
electrofusion as a means to generate anubodies Tor the
treatment of certain tvpes of cancer. G.‘_Hcﬁ_naxﬂ.

Genetronics Inc. carried this topic into

applied area. the the i r tion for

transdermal delivery of large molecules. for gene thera Y.
eiectroporaiio 1ate py of cancer. _and

eﬂi;ﬂomgenerated delivery of drugs and genes

wrough vessel walls for treatment —of_cardiovascular_
diseases. Following this presentation. W.R. Panje. Rush-
Presbyterian-St. Luke's Medical Center. Chicago.
reported about clinical trials using clectroporation
mediated therapy on head and neck cancer. and concluded
that this method offers promising possibilities in the
reatment of these cancers. Whereas controlled
electroporation. the topic of these review talks has its
place in therapeutic applications. uncontrolied
electroporation was found to be the important mechanism
in electric force injury. rather than thermal (burn)
mechanisms. Research results on electric tissue injuries
and consequences for their treatment were discussed by R.
Lee. University of Chicago.

Theoretical considerations to the coupling of electric
fields to cells were presented by K. Foster. University of
Pennsyivania. His talk was particularly devoted to the
effect of electrical pulses with high frequency content
(ultrawideband pulses) on cell membranes and cell nuclei.
Experimental results with short. high intensity electric
field pulses on multicellular organisms and cells in vitro
were presented by K. Schoenbach. Old Dominion
University. Results of laboratory and field experiments
with microsecond pulses for biofouling prevention were
presented. and the potential of electric field interaction
with cell nuclei for pulses in the submicrosecond range
was discussed. Another application of high electric fields
is the so-called Pulsed Electric Field (PEF) method. where
high electric fields applied to liquid food serves to
decontaminate the food. A report on the status of this
rather mature technology. where industrial interest and
support is in place. was given by P. Dunne, US Army
Natick R&D Center.

Electrical field interaction with DNA. through
coupling of the field to electron and ion transfer reactions.
was discussed by M. Blank, Columbia University. He
based most of the discussions on this effect on the stress
protein inducing effect of low frequency magnetic fields.
Many other low intensity. electric and magnetic field
effects are not as well studied as the effect described bv M.
Blank. however are already widely used in therapeutic
applications. Millimeter wave therapy e.g. is widely
considered as therapeutic modality. particularly in the
former Soviet Union. A review on the treatments bascd on
low intensity millimeter wave irradiation was given by A
Pakhomov. Brooks AFB. Although seemingly cffective.
millimeter wave therapy is not well understood. and the
rescarch in field suffers from lack of reliable studies. The
effect of intense pulses of microwave radiation on bacteria.
spores and mammalian cells was the topic of a
presemtation by J. Kiel. AFRL. Brooks AFB. Pulsed
microwave radiation in the 1.25 to 9.35 GHz range was
found to affect the growth of bacteria in the presence of
certain chemicals. Preliminary results suggest that pulsed




microwave radiation could be directed toward
pathological targets and organs while sparing normal
tissue.

The presentations on electric (and magnetic) field
effects on biological cells were complemented by two
tutorial talks on the state of pulse power devices and high
power microwave and millimeter-wave sources for
possible applications in medical/biological research. The
first topic. on pulsed electric power systems. was
presented by M. Kristiansen, Texas Tech University. He
concentrated on nanosecond and subnanosecond. pulse
generators. where research institutes in Russia seem to
have a leading role in expanding the source parameters to
ever-shorter pulses and higher power. The status of high
power microwave and millimeter wave sources and the
role of pulse power technology in the development of
high intensity generators were presented by E.
Schamiloglu. University of New Mexico. Again, as in
pulse power in general. most of dramatic increases in
power are relatively recent. Only in the 1970s pulse
power technology begin to emerge as an independent
research field.

Whereas electrical interaction with biological cells
has a long history, the use of nonthermal plasmas in
aumospheric  pressure air for medical/biological
applications has been only recently recognized. An
introduction into the physics of nonthermal plasmas. and
the vanious types of atmospheric pressure plasmas and
thetr features was given by E. Kunhardt. Stevens Institute
of Technology. It was followed by a talk by T. C. Montie.
University of Tennessee. on the application of a special
tvpe of atmospheric pressure plasma. a radio frequency
driven glow discharge. for sterilization of surfaces and
materials. Similar discharges. barrier discharges. have
also been used for stenlization. The presentation on
results of this discharge type was given by J. Birmingham,
MesoSystems Technology. Inc.. For both types of
plasmas the sterilization rate was reported as faster than
by heat alone. The session was concluded by a talk of P.
Netzer. National Naval Medical Center. on the need of
new sterilization processes in healthcare, and the role of
plasma methods in such an environment.

Contributed papers were presented in a poster session.
The 76 accepted poster papers were placed into seven
categories:

Basic Phenomena (15 contributions);

Pulsed Electric Fields (11 contributions):

Microwaves (5 contributions):;

Ultraviolet Radiation (3 contributions);

Electron and lon Beams (7 contributions);

lonized Gases (16 contributions). and

Advanced Pulsed Power and Plasma Generators (19
contributions).

The largest research and development area
represented in the poster session was bacterial
decontamination, using pulsed electric fields, UV
radiation. and nonthermal plasmas: the second largest area
dealt with basic studies and medical applications of
pulsed electric fields. The relatively large number of

papers on pulsed field generators, mainly presented by
scientists from the former Soviet Union, provided the
audience with a good overview of leading edge pulse
power systems.

Abstracts of invited and contributed papers have been
published in Proceedings of this Symposium.

CONCLUSIONS AND
RECOMMENDATIONS

Following the presentations. the status of research
and development of nonthermal medical/biological
treatments was discussed in four discussion sessions.
Discussions concentrated on the following topics
1. Pulsed Electric Field Effects: Basic Research and

Applications
2. Microwave and Millimeter Waves Interaction with

Biological Cells
3. Medical Applications of Puised and cw Electric Field

Technology
4. Ionized Gases for Biological Decontamination

The discussion sessions were chaired by J. Dunn
(ALP. Chicago), J. Kiel (Brooks AFB). R. Lee
(University of Chicago). and I. Alexeff (University of
Tennessee).

A. Pulsed Electric Field Effects: Basic Research
and Applications (J. Dunn)

The effect of pulsed electric fields on biological cells
depends on pulse duration. pulse shape. and amplitude.
Three pulse domains were identified. dependent on major
applications and/or physical mechanisms:

1. “Traditional Electroporation” :

Ten’s to hundred’s of microsecond duration,
several kV/cm electric fields

2. “Traditional” Biological Decontamination

Less than 10 microsecond duration. greater 16

kV/cm electric fields

3. “Cell Modifications™ Targets: cell substructures.
molecules/bonds :
Submicrosecond  (nanosecond.  picosecond)

duration: time domain is accessible with modern
pulse power technology. however field-cell
interaction mechanisms are not explored
The mechanism. which leads to cell death through
electric field application. is not well understood. Although
it is accepted that in the “traditional debacterialization™
range poration of the outer membrane. is the ultimate
mechanism. the pore formation process itself is
controversial. An approach which considers celis as
perturbations in homogeneous fluid was presented by J.
Dunn. It was hypothesized that electrical double layers at
the cell surface cause localized heating of the cell
membrane, and consequent membrane breakdown.
Independent on the breakdown mechanism it was agreed




that for “traditional biological decontamination”,
particularly in the electric field range of less than 30
kV/cm. at pulse duration of less than 2.5 microseconds,
electrochemical effects can be neglected.

One of the more mature applications of PEF
technique is bacterial decontamination of food. although
there is still much room for better engineering of systems.
Electrical requirements in food treatment depend on the
type of the food. For low acid food. e.g.. with a pH value
of greater than 4.5, the conditions for the electrical pulses
are more stringent. than for food of high acidity (pH <
+.5). where spores are absent. The dominant problem in
food preservation using PEF is the high energy
requirement. 100 ~ 400 J/ml. Improving this efficiency
requires either to consider combination processing
(thermal + PEF) or to search for electric field processes
which are based on a mechanisms different from
electroporation. such as subcellular processes or resonant
molecular processes.

Collaboration among scientists in engineering
biology and medicine is a key in successful research and
development of PEF bacterial decontamination methods.
This becomes obvious. when the results of pulsed electric
field experiments on gram-positive and gram-negative
bacteria. and on spores. are considered. In order to
deveiop PEF systems for bacterial decontamination.
engineers need to communicate more with biologists and
physicians.

B. Microwave and Millimeter-Wave Effects (J.
Kiel)

Methods using extremely short electromagnetic
pulses and pulsed microwave are related. One of the main
differences. which is purely technical. is seen in the
coupling mechanism: direct coupling through electrodes
inserted in ussue or suspensions, for high electric field
pulses. and remote coupling, for microwave and
millimeter wave interaction. Medical effects of
microwaves and millimeter waves include post-operative
septic wound healing pain relief. treatment of
hypertension, and promoting the recovery after heart
anacks. Hypothermia for cancer treatment is another,
however thermal. application of high power microwaves
therapy. It reduces the risk for collateral (cardiovascular)
damage compared to surgery and radiation treatment.
Other biological effects of major interest are bacterial
decontamination.

Strong fundamental research on medical and
biological treauments exists in Russia and other FSU
countries. and in China. Panticularly, the FSU have
developed a large spectrum of marketable sources for
these applications. Custom made high power devices in
the US range from 200 k$ to one million $. The high cost
might be one of the -reasons that research and
development in the USA has more focused on large scale
environmental (clean up of hazardous material) and

industrial use (material processing. such as sintering of
ceramics) by high power micro- and millimeter-wave
sources. In medical research, however, the emphasis in
the USA has concentrated more on the potential negative
effects of micro and millimeter waves. An example is the
ongoing discussion on the health and safety issues in
wireless communication.

Recent developments in millimeter wave technology
have provided researchers with new opportunitics for
work in this field. Proper scientific studies have the
potential of uncovering significant benefits for all
mankind. Therapeutic. health and safety applications
appear to be feasible and within our reach. Preliminary
reports from efforts in China. Russia. and several other
countries have already produced encouraging results.
Despite leading in the technological development of
sources. the US is lagging behind many parts of the world
in the understanding of the interaction of biological
svstems and microwaves. This lack of understanding is
resulting in the potential loss of medical therapies (such as
enhanced septic wound treating) as well as new potential
health and safety issues for personal working with intense
electromagnetic fields. "

C. Medical Applications (R Lee)

Medical applications in therapy and diagnostics were
discussed with respect to the coupling modes of electric
fields with biological systems.

1. Cellular Coupling is achieved by using relatively
long pulses (> 1 ms). Applications include:

Electrochemotherapy or Electroporation Therapy
Electro-Transdermal Delivery
Rhythm Disorders (defibrillation)

Cellular coupling (electroporation) is also related to
electrical injury.

Cormresponding to long pulses are low-frequency
electric (and magnetic) fields.

Applications of low frequency. cw fields are:

Tissue ablation
Electrical Injury (therapy)
Electrical Stimulation .

2. Molecular Coupling is considered to be the
dominant mechanism when short pulses (10° to 10° s) are
applied. Potential applications of such nonthermal
methods are treatment of birth defects and cancer. through
triggering of apoptosis.

cw treatments. using radiofrequency. microwave and
optical radiation are thermal methods which have
applications in:

Musculoskeletal Heating
Hypothermia: Treatment of Cancer
Treatment of Burns
3 Atomic Coupling occurs for ultrashort pulses
(e.g. in photolysis). and in the case of ionizing
radiation. used in cancer therapy.
Diagnostic applications are cell sensing:




Tissue damage and tumor detection by means of

impedance spectroscopy,
Cancer cell and viral particulates by dielectrophoresis,
and molecular sensing,
used in tumor detection and localization by means of
conformal radiofrequency imaging.
D. Ionized  Gases  for  Biological

Decontamination (1. Alexeff)

The use of ionized gases has been demonstrated as
being very effective for biological decontamination. A
major US company has already a commercial product on
sale. An in-depth analysis of promising decontamination
technologies sponsored by the U.S. Army’s Edgewood
Chem-Bio Center concluded that plasmas have great
potential, particularly in the areas of sensitive equipment
and vehicle/shelter decontamination. but that significant
development will be required before this potential can be
realized.

As major applications for plasma decontamination
three areas were identified:

a) bactenial decontamination in bacterial warfare,
b) sterilization of food. and
c) sterilization of medical instruments in hospitals.

The development of appropriate diagnostics for
nonthermal. high-pressure air plasmas was considered as
most important. As an example, there is still controversy
on the role of atomic oxygen in the discharge with respect
to decontamination. Whereas some claim that atomic
oxygen in the high-pressure glow is extremely effective in
biological contamination. others state that atomic oxygen
disappears in microseconds, and so is of no effect
whatsoever. However, everybody seemed to agree that
identifving the killing mechanisms for bacteria. spores,
and viruses is of very high priority. It is not vet clear what
the most active killing species (ions, radicals. active
molecules, or UV light) is.

The question of research funding was discussed.
Research on these nonthermal plasmas is both basic and
applied. also. since the interdisciplinary nature of the
rescarch requires teams of scientists, rather than single
investigators. relatively large grant are needed. Due to the
new and unique requirements for this area of research,
there was no clear picture where to obtain funds. It was
therefore recommended to set up a task force to develop
funding.

SUMMARY

The consensus of the participants was that the
research ficld offered exciting possibilities to expand
available technologies into new areas of research, and
consequently has a strong potential for breakthrough
results. The research discussed at the meeting carries the
promise of commercial and medical applications. It is a
research field to which the genera! public can easily relate.
This was demonstrated by strong newspaper and
television coverage. It seems also to have the support of
our legislators. In the introductory address at the
symposium. the Honorable O. Picket. ranking member in
the House Subcommittee on military research promised
his support for increased research spending. Members of
the Virginia legislature voiced similar support.

The question of funding was addressed in the final
session. where representatives of funding agencies talked
about opportunities and procedures, but it was also
brought up in any of the discussion sessions. Financial
research support seems to be sporadic and limited. There
is no interagency research program, something, which
would be strongly benefit this interdisciplinary research.
The lack of support is rather surprising considering the
importance this research field is given in other countries.
the spectacular results in clinical applications, and its
commercial potential.

To explore the full potential of nonthermal treatments
using electromagnetic fields and ionized gases. the topic
of our symposium, the interaction and the cooperation of
engineers and physicists on one side and biologists and
clinicians on the other side is needed. The symposium
seems to have served as a catalyst to stimulate discussions
between scientists with various backgrounds but the same
interest. It is hoped that these conversations lead to
collaborations. The response from the participants was
overwhelmingly positive. and the need for an ongoing
conference was voiced. The program committee decided
to hold the “Second International Symposium on
Nonthermal  Medical/Biological Treatments Using
Electromagnetic Fields and lonized Gases” again in
Norfolk. VA, in spring of 2001. with S. Beebe. Eastern
Virginia Medical School. as chair. A Special Issue of the
IEEE Transactions on Plasma Science with over forty
contributions on the topic of the symposium will appear in
February 2.000.
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Then, we can calculate the O factor of the cavity:
w.

=w, —- ‘ 24
Q o p, (24)
P.=P +P, (25)
Actually. knowing PT , we can also calculate the
¢ kle! 2n2 Ro (12
P = '#z—ppDz —[J; (PpRo)"Jo(PpRo)Jz (PpRo)]
80 (8‘ 1 ) 2
(PR 0
p,¢. (P, D[ J? 2
———+>——D,[J R)+J R
50(51 +£’) Dy[ o (P, D+Ji(p, o)
Then, we can calculate the O factor of the cavity:
w
=0, — 27
Q=w, P, (27)
W=W"+W?* (28)
P =P +Ff (29)
we can also calculate the attenuation constant of the wave propagation: e’ /"=
a= i (30)
2P
where P is the propagating power: P = P, + P,.
P =l<ﬁ(1§xf7‘)ds=lf‘ f"(Exf{')rdrdrp (31)
2 2
and
g=lf¢f@@xﬁv 32)
2
P, and P, is the propagating power in the vacuum area and in the plasma column, respectively.
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Substituting eq.(31)-(34) and (16), (17) and (20) into €q.(30), the attenuation constant & can be obtained.
Therefore, we obtained all formulas that we need for calculating and design the resonant cavity for
microwave excited excimer laser.

IIl. Discussion and analysis
To simply our formulas obtained in previous section: let D, =0, we get from eq.(16):




Theory of Resonant Cavity for Microwave Excited Excimer Laser
(Draft)

Abstract: Theory of Resonant cavity for Microwave Excited Excimer Lasers presented in the

- paper. The cavity is a set of Rectangular waveguide with a cylindrical plasma column on the
center. The formulas of the resonant spectrum, the stored energy, the lose on the wall and due
to the collision on the plasma and the Q factor of the cavity have been worked out.
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A most convenient and useful structure of the Microwave plasma Excited excimer laser is a
Rectangular Waveguide cavity with a cylindrical plasma column in the center, as shown in Fig.1.
It seems that there is no theoretical study for this kind of resonant cavity appeared in the published papers.
It makes inconvenient for study and design this kind of Excimer Laser. Based on the paper of “Theory of
microwave rectangular waveguide for microwave plasma excited excimer laser”, the theory of this kind of
cavity have been worked out. The formulas of the resonant spectrum, the stored energy, the loses on the
cavity wall and in the plasma column due to the collision have been obtained. These formulas provide the
basic theory for computer calculations and the basis of the understanding and the design of this kind of
microwave plasma excited excimer laser. :
The paper is organized as follow: section I is the introduction. Theory of the cavity is given in section
II. Discussion and analysis are given in section IIl. Section IV deals with computer calculations (to be
carried on), and section V is the conclusion.

IL Theory of Resonant Cavity of a Rectangular waveguide with a Cylindrical Plasma Column in the
Center of the Waveguide
Based on the theory given in the paper “Theory of waveguide system for microwave plasma excited
excimer laser” making use of the boundary conditions:
z=0, z=L

E =E =0; E =0 4))
The field componcnts outside and inside of the plasma can be obtained: outside the plasma, we have:
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for TM mode.

Inside the plasma column:




encourage themselves constantly and gain new knowledge
. by themselves, while any new knowledge may out of date
-sooner or later, as science and technology are developing
so rapidly.

To conclude my talk, I would say that education is a
lifelong issue.
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The TE modes can be studied by using the same approach.
Thus, the resonance frequency can be found by:

sink.L=0 : (.
If gives:
k.L=2d, k. =27r% (12)
where k. should be found by using the dispersion equation given in eq. (21) (or in eq.(1), in complement)
of the paper [1].
Now we can calculate the stored energy.
Wy =W, +W, (13)
where W, and WP is the stored energy in the vacuum space and in the plasma column, respectively.
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Substituting eq. (4)(7) and (8)—(10) into eq. (14) and (15), we can obtain:
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The loss also consists of two parts: the loss on the cavity wall and the loss in the plasma column. The loss
on the wall can be obtained by:

R,
Po="r4fiH, |ds (19)
and the loss in the plasma column due to the collision can be found by:
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paper. The cavity is a set of Rectangular waveguide with a cylindrical plasma column on the
center. The formulas of the resonant spectrum, the stored energy, the lose on the wall and due |
to the collision on the plasma and the Q factor of the cavity have been worked out.

I.  Introduction

b‘} b &

AR I O ——— A
L/

Fig. 1

A most convenient and useful structure of the Microwave plasma Excited excimer laser is a

Rectangular Waveguide cavity with a cylindrical plasma column in the center, as shown in Fig.1.
It seems that there is no theoretical study for this kind of resonant cavity appeared in the published papers.
It makes inconvenient for study and design this kind of Excimer Laser. Based on the paper of “Theory of
microwave rectangular waveguide for microwave plasma excited excimer laser”, the theory of this kind of
cavity have been worked out. The formulas of the resonant spectrum, the stored energy, the loses on the
cavity wall and in the plasma column due to the collision have been obtained. These formulas provide the
basic theory for computer calculations and the basis of the understanding and the design of this kind of
microwave plasma excited excimer laser. :

The paper is organized as follow: section I is the introduction. Theory of the cavity is given in section
I1. Discussion and analysis are given in section III. Section IV deals with computer calculations (to be
carried on), and section V is the conclusion.

IL Theory of Resonant Cavity of a Rectangular waveguide with a Cylindrical Plasma Column in the
Center of the Waveguide
Based on the theory given in the paper “Theory of waveguide system for microwave plasma excited
excimer laser” making use of the boundary conditions:
z=0, z=1

E =E =0; E =0 4))
The field components outside and inside of the plasma can be obtained: outside the plasma, we have:
2
E, =22 [("5)* + 2y 1sin(ZZ x)sin(2Z ) cos(k. ) @
i & a b a b
E, = 225 (M%) 005 ™ ysin(™Z ysin,2) ®
& a a b
E, =22 7% in(™™ xycos("Z y)sin(k.2) @
: & b a b
H, = jm(n—;-)sin(ﬂ x)cos(-’-’bf y)cos(k.z) %)
a
H, = - jro(TZ) cos(ZE x)sin(ZE y)cos(k, z) ©)
a a b
H. =0 ™

for TM mode.
Inside the plasma column:




bL 1 mn nr 1 mnm 1 nx
W= Py (B D (B 2By g2
’ 55{2"[(a) (b)]Z(a) 2(b) d 35)
EEy (Eyy = L abLE?
a b 8
where we has been made for.
k- k2 = (25 + 22y (36)
; a b

E,=1.

It is the formula for vacuum rectangular cavity. We can also get the other formulas for vacuum case.
IV. Computer calculations: (to be carried on)

V. Conclusion
Based on the theory given in paper[1], all formulas for calculating the parameters and design of the

resonant cavity of a rectangular waveguide cavity with a cylindrical plasma column for the microwave
plasma excited excimer laser have been obtained in the paper. These formulations are very valuable and

useful.
It is a draft, all formulas should be checked carefully, and will be done later.
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g = ; g = 22
o+ (1+5?) @
2
w 1%
52 = —p; : o= 7 (23)
W w
@, and v, is the plasma frequency and the effective collision frequency, respectively.
Then, we can calculate the O factor of the cavity:
Wy
=@, — 24
0 =0, P (24)
P.=P +P, (25)
Actually. knowing Pr , we can also calculate the
. k
L E_; ;Dz & [le(PpRo)“Jo(PpRo)Jz(PpRo)]
0 1 ( ) (26)
P (PR
+ = DG (P, R) + I (P, Ry)]
gl(el +&?)
Then, we can calculate the O factor of the cavity:
' w
0=, P, (27)
W=W"+W?* (28)
P, =pP" +P’r 9)
we can also calculate the attenuation constant of the wave propagation: e’ /%"=
a= f’—'— (30)
2P
where P is the propagating power: P = P, + P,.
P_—cﬁ(s )2 )ds_-f" f'(ExH Yrdrde 31
and
Pz=lfdxfdy(1-fxl?') (32)
2
P, and P, is the propagating power in the vacuum area and in the plasma column, respectively.
ab klew mr i k.o (B,Ry)’
e
2 b £,8 2 (33)
X[J (PpR )-J, (ﬁpRO)JZ(ﬁpRO)]}
k.o (p,R)’
P =1 —— 222 Dy p,R) =P, RN, (PR (4)
£,6 2

Substituting eq.(31)-(34) and (16), (17) and (20) into eq.(30), the attenuation constant @ can be obtained.
Therefore, we obtained all formulas that we need for calculating and design the resonant cavity for
microwave excited excimer laser.

III. Discussion and analysis _
To simply our formulas obtained in previous section: let D, = 0, we get from eq.(16):
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Theoretical Study on Micro-Hollow Cathode Discharge
( First Draft)

1.Introduction
The Micro-Hollow Cathode Discharge(MHCD) is one of the most attractive topics in
science and technology for a long time because of its interesting characteristics and good
practical/potential applications. However, although the experimental study has been
carried on very well, the theoretical study, both the analytical as well as the computer
simulation, seems far from enough[1]-[ 4 ], for the physical processes happened in
MHCD is very complicated. Based on the results obtained by experiments| 1 ]-[3 ],the
paper attempts to give a theoretical analysis of MHCD, and on this basis a modeling for
computer calculation is presented as well.

2. Modeling
The following facts are essential for the theoretical modeling:

1.The glow discharge occurs mainly in the region between the hollow cathode
surface and the virtual anode which is actually the axis of the structure. The discharge
forms a radial glow;

2.The cathode fall is formed in the vicinity of the cathode surface of about few
microns;

3.The thermionic emission of cathode is of significant, since the temperature of -
cathode is high due to the ion bombardment;

4.The Negative Glow Discharge follows the cathode fall and lasts to the axis, the
virtual anode. So the negative glow occupies almost the entire space of the cathode
region;

5.most of the potential drop happens in the cathode fall, a good potential well
forms between the cathode fall and the axis ,the virtual anode, that enable a large number
of electrons oscillating in the potential well, these electrons are known as the pendular
electrons;

6There are varieties of different kinds of ionization to support the discharge.

The pendular electron that exist in the cathode region play very important role. The large
number of such electrons oscillating between the edges of opposite cathode fall may
make ionization many times on their path;

7. Besides the ionization, strong excitation happens in the cathode region due to
the collisions of electrons with atoms/molecules. This excitation produces radiation and
_ makes the cathode region bright;

8.A cylindrical positive column forms in the axis area from anode to one of the
cathode surface opening to the anode area. It is a cylindrical positive glow discharge
followed by a anode fall to the anode as usual case. By means of the Ambipolar Diffusion
process, a large number of electrons come into this area from cathode region through the
opening cathode surface. That is the connection of the two regions.

The above facts are assumed as the basis of the theory presented in the paper.
According to the above facts, a modeling is proposed as it is shown in Fig. 1.




As it is see4n from Fig.1, that we can divide the whole MHCD into two regions. Regionl
is the cathode region, a radial negative glow discharge occurs with intensive excitation
radiation, while region? is the anode region, a cylindrical positive glow discharge takes
place from cathode hole surface opening to the area to the anode. Therefore, the
theoretical analysis of the MHCD may be splited into two parts: the theory for the region
1 and that for region 2. By using a proper Matching Condition on the boarder between the
two regions, we are able to work out a complete theory for the entire MHCD.
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3. Theory for Regionl

As it is mentioned above that the negative glow discharge occurs in the region. Since the
both sides of the region are open, and there is electric field in the z-direction, charged
particles’ flow through these open sides hole is the main loss of particles in the region.
The recombination of charged particles on the cathode surface can be neglected. As it is
shown in Fig.2. Fig.2(a) is the geometry of the MHCD, and Fig.2(b) is the potential
curve in the region. It can be seen that there is a good potential well in the region that
keeps the pendular electrons.

A. We can find the potential function in the region before and after the discharge takes

rplace. Before discharge, we have:

=" T(kR)ChE ] )
¥ IoCkDAL) 3 ¢

Where LZ is a constant, I.( x)and I‘(x) is the modified Bessel function of zero and first
order.
- At the axis the potential is:

Ve k 2
§eme) =T, 0443 2

When the discharge takes place, to find the potential distribution is rather complicat-ed.
For the cathode fall region, it is known that ion space-charge exists, then we have the
Poisson Equation:

| vly = \(Ih%o €3)




In order to simplify the solution, we assume that the ion space-charge is uniform, the we
can find:

v
- — 1 (kerychk 2 (%)
5= Tokon, oEE2HY |
Where . . 1R) W
SRR T N | )
We can also get the electric field:
— v ‘
{:Rr-—K—A——- l‘(kk)c“&} (¢)
I, (KPh

By using the above equations we obtain the cathode fall potential drop:

7. a
- —t . T (kD
Vc' ID (K24 ) \ /J )
Where A is the thickness of the cathode fall.
* Now we can calculate the electric potential in the negative glow region that is followed
the cathode fall. Since in the negative glow the space-charge is negative, we get:

(7)

A .IO(KCP/;—U] T (T (
3= LIkPA) T (e(%h-0] (KMCLIZZ *
R™= k- b, hos (1)

B. The Motion of the pendular electrons. _

Now we can study the motion of the pendular electrons in the cathode region. It can be
seen from Fig. 2( b) that a good potential well ,ay keep the pendular electrons oscillate
with the region. Since electrons are able to collide with other particles many times on
their oscillating path, and each time they loss energy and get energy again from the
electric field, the minimum time for electrons to complete a round trip can be found as:

m, A
T = ()2 =2 10
Where \;‘is the speed of the electrons gained from the cathode fall:
21 V(,
Ve = |—m—— Cr1)
ec j ™,
C.Charged Particles’ Balance.

It is assumed that the following equation can be used to calculate the balance of the
charged particles in the negative glow discharge.[ 1 ]-[ 4 ]:

),;17‘"t +Lh, + lc n"=o0 re2)




DI
Where_D is the Ambipolar diffusion coefficient. Andk is the one step and two step

ionization rate due to the collision of electrons with netral gas in the region. Taking
integration of Eq.ciyover the whole region, we obtain;

_P“§th-o\? =P N, +é‘_S ne &7 ¢13)
Here ,is the electron density. Let
Re= n, 8(R) $¢3) C14)

Equation(13) can be written as:

Y. %
2D, A, {—;—S - 29R 43, dy + S Lfﬂ’ JRIRdR -
~+/,

2 R o diga-m
v, L.
- SA&' a(A)RdK} A 7ALSH¢ dv = p 1)
V] a}|2=;. v :

Where A, is the total number of electrons in the region.
Equation (1) is the main equation describe the particles’ balance in the cathode region.

C. Intensity and Spectrum of the Radiation. A
Now we deal with the radiation excited by electrons in the cathode region. We assume
that in the region there is only one specie of gas and the radiation 1s mainly excited by
the collision of electrons with atoms. Then the generation of excited atoms a J excited
state comes from:

1)The collisions of electrons with atoms may excite atoms at ground state up to j
state, the number is: & anWVhere R, is the density of the atoms;

2). The collisions of electrons with atoms at lower state k to state j . the number is: LN

3). The non-ballistic collisions of atoms at higher state I and other particles resultin ¢ *

radiation to lower state j , the number is: $: . So in unite time, unite volume we have

following number of atoms atj state : XjMohe <oC,. Mom 4 S'J )
During the same period of time and the same volume we ﬁive ﬁue loss of the atoms at
thej state: '

1). Spontaneous radiation from J state to the ground state, the number is: A oh;
2). The collisions of atoms at j state with electrons result in a Jjump of the aJorns to
" higher state, the number is: Za(,-.; el

3). The collisions of atoms &t J state with low energy electrons result in increasing of
the kinetic energy of electrons, the number is: FJ hijfe .

4). The collisions of atoms at J state with other particles of other species result the
change of their state, the number is: 'Yi hjn
Therefore, the total balance of the atoms at j state gives:

G ran g mn 15 S e+ Dot ap ki

13

+ a(J hen (l¢)




- DT,
. \ ) ) L-r
) J=J§\.Cp-9-q )*J‘fﬁ )
Where j ‘is the current of the cathode thermionic emission, and
D‘qp‘ﬁ hg , G”Y/{} H} 26>
It is obvious that when D=0, G=0 and fu =0, we have

20 (700 ¢

By using the potential function we can calculate the ion density in the cathode fall
region.

4. Theory of MHCD
Before move on to the theory of MHCD, we first deal with the physical processes
happened in region II, the positive column region, the anode region. We assume that
from the open hole of the cathode, the surface S,, to the anode there is the positive glow
discharge and followed by the anode fall. Then by using a proper matching condition on
the boarder of the region I and region II, we are able to work out the theory of the entire
MHCD.
Assume that Eq.(/2) can be used also for the region II, the positive glow discharge
occurs in the anode regLion._ Similar to that in sectxi>on 3, we get:
AT Dy e '{ ‘22‘ 3 '%% ns Fgody’ -rj IV, JcrILdR +
° l v [) 02! '=20 .
[ i o W JeordR ()

Ve 1h . “\("';d'sz-kjﬂikz-lk
+4 N 1k AR £a0 4’ SN

Where: R, = W, §¢3') 5 (R) (25,
And ﬁe is the electron denfuyintphis region:  _ _
e =% § 47 | edr TG g0k, e, (36

Ne is the total number of eléctrons in region II:

The physical meaning of Eq.(24) is that the particles loss in the anode region is
compensated by the flux flowing from the cathode region through the surface S, into the
region IL.

Equations (i) and (a2) are two important equations describing the physical processes
and the particles balance in MHCD.

The matching condition on the boarder between the two regions is:

- n ! ’ l)-
NetdR) o = N QLB o €21)
Solving equation ( 15”), equation ( 2¢-) and equation (3p, we will be able to get the
information of the MHCD.

5. Modeling for Computer Calculation




-For a low pressure and pure gas filling case, we can assume that:

i Nane = Ao A ( #7227, n  hno),
And theé}is negliéible. Then,\‘;vve get": NS Y {13
=4. n = . n_ it (&)
IJ“ ‘Aw ”Jij/}‘ d}h‘* 3£¢° g

Eq.(13) means that only the collisions of the atoms of one specie and electrons are
considered. Then the intensity of the radiation can be calculated by the following
equation: o

* = S )0y, €8) ’k"g,flf,o }.fi d g (/%)
1° ¢ i m
Here the h is the Plank constant and j,:.,is the radiation frequency. Since ‘*7- should be:
. = {g;o.cs/j-?i— ds flo)
J g g m

f(§) is the disu%bution function of electrons, 0; is the differential cross-section of
collision, t is the energy of electrons and § ; 1s the energy required for exciting atoms to
J state from ground state. Assume that f{ § ) is Maxwellian distribution function:

2 _ & g 21)
< K r ¢ Vkte)
Where k is the Boltzmann constant. Although the equilibrium state may not be
realistic. Thus we can obtain the following equation: (o) '

.
L2 0(24) L kTe «
l]ezl?'rxnf n&“—! Apv'o G:“(s" )jTTC LI ( ﬂ’l )e' (Zl)
Where 3_is the value that makesa;,ma.ximum, and

(
Lx (= Ko (22,
CE- S0

D. The Current Density of MHC.

The total current of MHC consists of four parts: the cathode emission due to the jon
bombardment; the cathode current due to the bombardment of photons from the cathode
dark region; the cathode current due to the bombardment of photons from the negative
glow discharge region and the cathode thermionic emission current. It should be noticed
that the cathode thermionic emission is another special features of Micro:-Hollow
Cathode Discharge. Then we have:

J‘c = (7‘-\):‘- -;‘7',{&”““ *'1,9"0 "a ch * lge ca¢)
Where: j e and j“ ion current density and electron current density at cathode surface,
respectively. ny and n% is the number of photons generated in cathode dark and
negative glow dischargé region, respectively, the energy of the photons should be larger
than the work function of the cathode. fo, and f, isthe percentage of the related
photons that bombard the cathode surface. The @ and 7, is the second emission
coefficient of ion and photon. Then we get: ' F




A. According to the theory and formulations given above, we can work out the

modeling for computer calculation of the MECD. The working equations are (1), ©2¢)
And the Matching condition is: =-(31) : !
The cathode current density can be used as an initial condtion: .

I~ » 4. '
Jeia (=2 ) ke 2k
The following parameters are known:

For starting the calculation, the initial function of g(R) and g(R) can be given
approximately, for example, we can use:

4 Vs ‘P;
g = Io(ke)  k =E (32)

And the f{ z) can be calculated by using computer to solve the boundary problem before
the discharge takes place.

B. The spectrum and the intensity of the radiation in both region! and region II may be
calculated by using equation(y4 ) and equation ( 22), provided the parameters are given.

6. Discussion and Conclusion

The most interesting and important features of MHCD are: 1. The negative glow
discharge dominates the cathode region; 2. The pendular electrons that exist in the
cathode region play very important role » and 3. The thermionic emission of cathode is
of significant,since the temperature of cathode is high enough due to jon bombardment.
In order to work out a theory that can reflect the above essential facts, we split the
MHCD into two regions. The working equation for each region has been formulated
and the matching condition on the boarder between the two regions is presented.
Solving the two working equations with the boundary condition and the cathode current
density as the initial condition, we can get the information of the discharge. The
equations for calculation of the spectrum and intensity of the radiation in both regions
have also given in the paper.

References

1. Karl H. Schoenbach et al.; “High —pressure Hollow Cathode Discharge”, Plasma
Sources Sci. Techn. 6.(1997), 468-477;
Karl H. Schoenbach et al.; Appl. Phys. Letters. 68(1), (1996), 13-15,;
G. Schaefer and K.H.Shoenbach, * Basic Mechanism Contribution to the Hollow
Cathode Effect”, Physcs and Applications of Pseudosparks. Eddited by
M.A.Gunderson and G. Schaefer. Plenum Press. N.Y. 1990;
G. Rozoff, J.of Appli. Phys. 50(11), (1979), 6806-6810;

51(6), (1980) , 3144-3148;

52(11),(1981), 6601-6606);

59(4), (1988), 1048-1051.:

w

>




14. Shenggang Liu, et al, “Microwave Cavity Excitation”.




So\LgL’-("”L‘_] -t 3—( 4

(v, v L‘Jct ).

- B, s—-(ﬁ—d_‘_(f)‘)( L_)C—o\-\( N:_;

a l’;'tA
(( A\‘.,H Y= ’f'{_‘c} - ”»«.-q“\(ég*fd( A") 5

(-77 - -3
o y"“‘fz‘—‘% ot Lo, c——wv cv(? Toke
N N P L LS e eccomnt A oA
O ey 0 ,4,,' = 4, 7[,,?‘@\’ e
cl;t::'m\a v
T A (55 (5“’?6‘ N e S5~ | (%)
2,

(10 ,.

N L PR

L/\ZbJ -2 C G~
— PR
2+ T
- = (E, ) 7"( E.') .
LT <k O (117,
o
[ L&—x(LJ §))=- 2 el My ey 52
—E. (—‘C) 4—&9”({1}«« %)s&f [CWT\‘KS\‘E_ .
/ -+ 3_“'1“ C.DI_E._) (/Z)A

c~




1 I

/\l."l(’\:N(~v/&

Conty  ExcTekh. - /
N .
™ .
' i
D v |
> i
/+ N % .
y . i y . - ]
Ve 4 (~ - [AI\L — |
¢ . )

‘A 2

eﬂc::k: o, n s Zé-u.;LJ\ e

. o wE,
A vo Tt W o /”
C‘- = Z lén.h\k \) — Len \_Xsb._: Sz__dz .
X ~ Oo‘,( kc -
n
L - | B “ §
EA‘ \_Z (ii\:_ LT 5»\TY e %}s .LL(? o)
/4
0 » - a
""Cu“'\ ﬁ. e
h.
For |
1} 1 jf (J ) N2 ey 2y 52 22, so( LTy v p)
(7\« - BM b(i PR - b'; L f |
n eidd (
N - (ufe _— i ,l
Yz b, () T i ennt, s L
D ne 1 IZLV (L 7. 3 —T_’( P / / Ld‘ff/
.,~°1q /7
A)« 5"‘"‘ /3“.._, c"\‘e lé "%'C,"nhfh.




/.
r,
I’. Q”S D C/\.{./?,Q_/ ,/ TL
CL ’f'rnw(,.w&, 0(7_{ Cﬁ;c _ﬁ.u,,c( (;{&L‘,),\. 7QL .
l. fie=b w
% H‘jl pres2ont 2 Kopegh,
Df !'F“S; P ,—E:EH«_Q 0(-) C/\a,atk . Q (U‘t\b ’D,}‘ /"ELQ |
[ o teeell
/ i f o V‘\\’v’j\ Care .
(/l/ka\_.l ,‘t—g /"‘—
QZL f |
C rf )‘

<)

VL(D"“Z) T/)”I_Q_ +.£L Ne =

e Arjfesem codfffeet
v /Nf‘f‘tkm A Mfﬁ £ Ao

¥ /c-\-é)f_..‘[*f.»—. S Lo e

B SRV S B TS

reQ
w el eTms el

R —

= ot
"6_ U(n—t‘f\ -

}LL - Lie <&p ‘2 "J PR TP

& 2 G chmss ok meeb e

/(-L;(__ 49 :ﬂ CPL‘(‘?/-‘“ .

T S s 3
: 4 g sfe- U SPIE ARSIV

—

\

] N e FT TS o -
A £ > G
pr AL
¢ ., J Fpm LhES
- ("N o P
,Jd C_dpwd“é(k*l = Z =
2 — =
F 7, S
: -\ & 2 {’5 SN ’5-.'_,_# 2 .
; o / S /41'('::9
4 ARy Ao —
G 53 hr UA
S
J~ _Y - M -‘27[»..\(
’ ¢ T d i
) . | |
1 j1 4 g g K
tpe< et OB ) oy
r \_[ \?f; —ZL 7?' Z’/’,}:\/ ,,{7'




Bl/lzb( &~ (,7’/, e bl&—‘
N o b J 3
e oreh o (p, g2 b lge =h Ao el

,JL‘L(i :\J §~’L‘L':‘?'Z"/.f_: ) . )

¢ )
- ';!-’»;;w
e b /N_
r W v L — S~ 4'2. !
S L=ty LET
/» . - .
- e R e Py 2
% | o by oeg (X 2y
b ol gk A G T e
+ . W &
E_{ = 4 4, (7“)'- [y




(l}f —_ J\fwﬁCLﬁ__), )7/\/ o

b g/[-—(*ﬁ%& .

gy

L ) - =
L Giiggn, RAT TeA(se b B p L PRI
: g @ — - ‘woe - )\J‘«f(-
// ~ — E-e = G T
'“U)“V L) QTP
MeCVC_OV v /wa‘fs/
— 1 S
w(i),_‘-’—r{/l)
- Q:) a 3 {/(TVM b rnee &7 -
< P> = = - 4 U i
1 7J - A cr
\} |
g AT P s 8
i~ L < )
uc"€°v
<P "y

25 778 % tapk

,’1 u\_ - . - ) gt -
( ) ~ g, ol M A




Deffuston Diselospe . P e, ey s

AT, S //*#L”H\'/[' £ = 4‘%—\3 Ko

(>4

Jo LD Wit 934/“‘-%, ,:\;._m? .
o TS5 FLG( b Flae T2 s

5:1 ~-v(br’

Sk
.
be "‘é/ Z ‘(L . Do Lo T3 5254,!;’44/ ,é"\\ v
§ —_ .
%t—( T o Ve ) w4 = 0 .
) ) » | - .—Z‘
‘&’5/‘( 1&3’55[7 \é&?.-?’]/[{‘»c 1) 7 :,‘(.
5“‘5’\
Lotes P e TO ()
' [4
//\‘ :— O( V‘k ,-( I—Z \"'f.“( -//'9<‘

NFUE A AN G2 R
£\ =< /VGLL

Siwied g E L s pre e

-L’) > ) _’J.).f< §£ ) i
J)».\‘(,Z .- L, s <t f/-fz’{cJ’ 'C er/ ri? 7.
CRET S 1R aE i 2 e
© (f')’l'/"./]\) A3 \zkf lng s > '{ZZ}/ 2.
R e
5, > > ,\ - 14
e = (x )~ b (XY @ -
w . 217 ’7_2_'7_12 '();g'_/{ =~ e
\ési VI{ L,Z /Q’/]ﬂoz :J{,
L ~ el torp j )
. Mo # o = .




BERESAAN

—-——/ - -
V’e/f_. m (/)’ 7(,.1")
- Q > A -
g \}3,’—:;‘7#3‘\6’4 '7“/ WE ,‘/j _‘ZI L‘t

- 4
. - ‘9: 7 ..D,'
2 b oo m L ook TEE ST
A2 . p L 7~ Z
% S s hs LT
e e
v Y ’
, o 21'—) /h v ; 7 (5"' '
= T — 2 A A ]
= /o iz ~L T L
- ’_-*——’_____/\—/_\’_




PRI
v - ) 4’/’»7
— R A My
Y A
PR o G R
AL VA
A {
L, = Xpe ©

At

[t ‘)é »fr-7 N ahy

4 me + D VI =0
S3 4
y T fF e d At
<z N AN
v /"(v - [ T \“. 3

c C !
P E T
NG -ttt

1;-}..9‘,/,-‘.,‘ ¢ «f//—;c et

[ I =
y.
_g__ ‘-" .Z\‘*f""
D C 5 7 S
Cl\bb}? In:ir—s- “
/‘._ . Lo L / . /' ) bo C ’/:},K.\
’ foe s J o leehi "4‘(‘( (H"—T\u’(‘\\ ./
K =F.C
—_— Llf \/\..
‘] - e t U = B o
-~ Py . ,c‘?
= = \-‘A / /L"—/{' —
?: ) <= s L:_,.Vﬁ - - I_____..,—ﬂe'é‘- N L ‘/”w'r Ra
M (B el ) e oy
i) L, s )
I — - ( S
_ hee Fe fj,,
P (',/‘_"-'-ru—") ‘




A\

7[& D._} /)C rs) em Q-—V~/-/)(\‘4‘7"J

- ) L e 7~
L‘} — j,/tus ““:f

3 '&R/E./(’ :\
— (_Z,:: Crc [7&-!‘ 42&' J.-‘WCL(‘A S %/éﬁ &

]—o\x

\
<d

) Lo +€,& l‘t t'[ ‘,B/L\’—fs: 7 -7&4»."‘)(90 v

? ALY,

__TL_E—Z—E—" 7/,,(/)£-’/Y“Z (r:*Zv) ¢
[T

i
sa N — 7 (/)
eJ L[[%)J;(K.,}}’L j(%)Js (Z—D/J_g;(/(ﬁ) ‘

- 2
b S
. ™
s (L AT )Tk, Tk I
- ﬂ’ TR 2 (7 "0 k(R e (o)
(z - —_ £ 7 .o
ryh 72 (}% 2
n «
L‘," = — R ls
e R p'= R
O > .
- -2, -1/ c 1 2 n C-.(
W:O,/.Z. “-/ H;D'I.;__.‘ s$= . , 5

o Con rA (e B o som Tamesaly

(/e ’,ve ~
. R Z_ (.28 L//J—vz IZ-L 2 nme
)/\9. A%/W’S”" G[W"’K o ~ ¢

Axksn wto cec ot

1""4{ (.-J‘LQ- “.r
F(B T (PRI B LPR] = /’r P7L fy o (o)

e

’




]_Tf_ 1 o by '/4;"“ v,

Jodemsiiy ot SpeP Y

/Z.Gp[\\ﬁv‘ﬂ'k\ .




Do~
[7: 7\:(/)/ (-
. = 4
’;l’ - A= a /€
FS
& = s [7@(/-’/\ e (/1/2,) - N (/’/?uo(/’/))] <h
-.S_:.
Q:!JV(]”Z”("**)EJ(KU’(KJe -
15¢
oL ke pro ke e s ) (FITCk 1) e
) B8
é,:/,/_ﬂ,]j:___.———— ' 77737/’/4)’]
[ ,
— JSL o
O = L ( /Z)ZJ'( Je [k"/‘THC/ /\?’ (k)]
- s 7 /7 5
D .
R E R e s

wohee.

- mT .
K= < R K =74 (702

/}1-.(. _ E
(;} > ;{\ To ¢ /ll, r/’ =
E f:} 7'3 (PR 1 8 Ao(/’@:)\]/ (//.f) (1)

- 2 Jo l7},f"-.7/

7A m, »« ,('.57._::40( & /7&_ 117£r~3€'o—w 7[;-7:--9»":7_ e

o d b. .7/\& C-o\(l/b?&“m- 2_ W Q-Fp«~oo('-¢,-u) I(K) t-,(z(/c')/
7N‘£ 7& C.wrl,'j h,;{’w mbb,( 5'/\0-«(* GQ_, C,,...,-“M\

Z, &

~ ., \ [P
st ) 5 w 2




15. Shenggang Liu, “Higher Education in P. R. China,”
presentation to graduate students and faculty in the
Electrical and Computer Engineering Department of

ODU (viewgraphs).




1. Introduction |
2. Institutions of Higher Learning

a. Category
o Comprehensive University
« University of Science and Technology
o Normal University
o Medical University
o Agriculture University
o TV University and others
b. Affiliation
o Central government affiliation
o Local Government Affiliation
o Private (very few)
o TV universities
c. Key University
Among 1060 universities, there are about 60 are
National Key Universities.
d. 211 National Project
In order to meet the needs in the next century, Chinese
- government decided to pay more attention to some national
key universities (about 100). UESTC has been included in
‘the project.




Higher Education in P.R.China

Prof. Liu Shenggang

(University of Electronic Science and
Technology of China)

Academician, Chinese Academy of Sciences
Distinguished visiting professor of ODU and CWM

E-mail: liusg@uestc.edu.cn

Abstract
The historical and recent situations of the
Higher Education in P.R.China are reported in

the talk, it consists of the following 10 sections.
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4.Students

a. Admittance, Entrance Examinations,
« National wide entrance examination
e Time
o Courses to be taken
« Percent to be admitted
 Similar entrance examinations for graduate students
of both doctor and master degree admission
b. Tuition Fee
About 2,000.00 to 3,500.00 Yuan per year for under-
graduate students
Some stipends are given to graduate students monthly.
c. Scholarships
A number of different scholarships are available for
outstanding students, some of them are for students
from poor families.
d. Awards
A number of awards are for outstanding students, the
competition is very strong.
e. Students’ association
Students have their own organization:
e University association
o Department association
e Class Sub division
f. Foreign students




3.Faculty and Stuff Members

a. Faculty Members
It is required that the standard ratio of the number of
teachers to that of students is 1:11.
The rank system of faculty member is professor,
associate professor, lecturer and assistant professor.

b. Stuff Members
It is required that the total number of stuffs should be
less than that of the faculty members.

c. Colleges, Departments and Specialties.
Each one of faculty members should work in a
college or a department.

d. Foreign teachers
Some universities invite foreign experts and teachers
to give courses for short or long terms.




7. Research Activities

a. Funding Resources:
o National Science Foundation
« Foundation from different ministries and from local
governments
e enterprises
b. Research Institutes

Research institutes exist in some key universities.

c. National Labs
Some National Labs are established in some key
universities.

d. Research Centers

e. Publications
Some good universities may have their own Journals.

Faculty members and students can publish their papers in
these journals.




Some universities in China may admit foreign
students both for undergraduate and graduate students.
- In general, free accommodation is provided for foreign

students.
More 7hon 9% fh-dehs / ek ot
. Lo - AL
S‘f,.—:(,fj o fowd —~  Cempees, L

4 doetrnze  Swo Y’L"‘L"’d)‘ et er% for
drdey kSR

5. Degree Systems |
a. Doctors: doctor for Science, Engineering and
Humanity Science, respectively.
b. Masters: the same as that for doctors
c. Bachelor
d. Associate.

6. Teaching,

a. Credit System, it is really a mixed one.

- Semester (two per year) and credit system.
b. Regular and optional courses, about 10-20

percent of total courses are optional by students.
c. Laboratory works: Regular and free works in

labs.
d. Out Class and Social Activities: quite a lot of

interesting out class and social activities are
organized for students.




encourage themselves constantly and gain new knowledge
by themselves, while any new knowledge may out of date
-sooner or later, as science and technology are developing
so rapidly.

To conclude my talk, I would say that education is a
lifelong issue.
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Electromagnetic Wave Field Excited by a Single Moving
Charged particle in Plasma”

Liu Shenggang ™™  R_J.Barker+*

Abstract-The electromagnetic wave field excited by a single moving charged particle in
plasma is studied. It shows that there is no Cherenkov radiation wave but decay wave in

plasma, both free plasma and magnetized plasma. Besides, the deflect coefficient for the
2

2 o)
wave, (n P=g 3 =1=—%) is the same for both free plasma and magnetized plasma. The
@

main important conclusion shows that the plasma, both free plasma and weakly
magnetized plasma can never be considered as a slow wave media. From the point view of
physical concept, this conclusion is of significance for the plasma Cherenkov maser.

I. Introduction

The electromagnetic wave field excited by a single moving particle was studied
long ago. It was discovered that in a dense media, (e>1), we have the Cherenkov radiation
wave. This kind of radiation now becomes more interesting because of the applications,
especially in coherent electromagnetic wave generation, such as Cherenkov maser and
Cherenkov FEL. Recently, plasma microwave Cherenkov maser is one of most attractive
figures in this field. To study the electromagnetic wave field excited by a single moving
charged particle in plasma, therefore, is a basic research both from the point of view of
physics and practice. :

This paper is organized as follows: Section I is introduction. In section II, the
formulation of the electromagnetic wave field excited by a single charged particle in
plasma is studied. A detailed discussion is given in section II1. Section IV is conclusion.

II. Formulation of the electromagnetic field excited by a single moving
charged particle in plasma

The electromagnetic field excited by a single moving charged particle in plasma is
studied in this section. For an infinite plasma with an external magnetic field B = B,g, in
+2 direction, if the electromagnetic wave is propagating in +z direction with propagation
factor €™ ™, we can treat it by using a cold fluid model, then the electric permittivity
tensor of this magnetized plasma may be written as:

g, -g, O
E=¢cyl€, € O M
0 0 ¢,

Where:

*Supported partly by Chinese National Science Foundation and partly by AFOS,USA
**University of Electronic Science and Technology of China,
*** AFOSR, USA




s,:l—mz_’m: _ @)
2
£ = i—i? 3)
m[m’-mf]
0)2
g, =1-—L )
®

2 \2
e . e .
®, =(——) 1s the electron plasma frequency, o, =—B, is the electron cyclotron
m

mcao [
frequency, and i is the sign of imaginary number. The collision effect is neglected.
The Maxwell's equations can be written as:

= oH
VxE=-p,— 5
Ho P ®)
Vx}'{=eo—:—t(€-f3)+7 (6)
and the Poisson’s equation is:
V-(5-E)=p/e, )

pandJ are the space charge density and current density of particle, respectively.
In the free plasma and weakly magnetized plasma conditions, the follow wave
equation for E, can be obtained:

e, 0’E 0’E oJ 1 dp '
VIE +23 L gy —E =y, —2 - 9P 8
1B, e, o2 0€iHo pY: Ho & e 2z (8)
Where:
€ =€l +¢? )
Let:
z =[5, - (10)
€;
Eq. (8) becomes:
0’E 0’E oy 1 op
VIE, +32 75— €€, 1 L= L+ - (1
1 e o2 o®3Ho 57 Ho & e, /——e’e' o2

Eq. (8) and (11) are basic equations for studying the electromagnetic field excited by
moving particle in free plasma and weakly magnetized plasma. Neglecting the sources
terms in the right side of the equations, we can get the same as that given in reference [5]
eq. (1) in reference [1].

Assuming a single charged particle (electron, for example) is moving in the plasma
with an uniform straightforward velocity u, then we have:

5(r)

p=e—r—8(z'-ut) (12)
], =eu@5(z'-—ut) 13)




&(z -ut)= ?6(2—\/:—7’ut] (14)

Where §(x) is the Dirac Delta function.
Making use of the expansion expressions of the Delta function, we get:

j‘ dk, [ To(k,r)e Jerrli dk, (15)

], =— j" dk,, jo 1, (k,r) ""’(""‘)kldkl | (16)

Substituting equations (15) and (16) into eq. (11) and solving this wave equation, we can
get the field expression of E, as follow:

e pem +eo(l B vE; 83) ik;/ —m)
Ez = -2—1;;0—.]; dk//_’; (_8 €,

k,k, -

(17)
1 in k, 2
Stk +ki(1-
[ki+k',’,(l—e,[3 ) ,kul ( ' ”( P ))J
Where k), = k,,‘/g.
8!
Making use of the following formulas:
s J (k r) :
[ P ok, dk, ——%No(ar) | | (18)
‘o 1
) Jo(klr) 5(k? -a?)k, dk, = o(ar) (19)
We then obtain:
e (I-B VG 83) ik,,(z ul) k { 172
E, = J; [Ikul( ) "]“‘
4c, Je.e, lk,,l ©(20)

iNo[lk// I(n'zﬁz - l)m r}}kudku

Where n? = €,. And we can also obtain E, and H in terms of E,.

I11. Discussion
1. For uniformly isotropic media, we have: n? = ¢. If e>1, the dense medium, eq.

(20) shows the existence of the Cherenkov radiation.
2

. - @
2. For free plasma, (Bo=0), we have: n® =g, =1—~—;sl, then we have

02 _y -0): ‘2_ .
n‘g‘-1={1 B* -1<0, Eq. (20) becomes:
o? 9

""(I—Bzel) &, (z-w) k,, m 2m2 2
Ez=4e°J; E, ¢ ,k”'H [Ik//l(n B _1) r]k//dk// (21)




Eq. (21) shows that there is no Cherenkov radiation.
3. For weakly magnetized plasma, Eq. (11), (17), (20) and (21) show that we can
- get the similar results for the wave field:
e r=(-B%) s Ky ol oas
E, = e L HY I, (a7 -1 r]k dk, (22
z 480 -[O 8, ,k,/’ 0 , //,( B ) 1 11 ( )

We only can have decay wave, there is no Cherenkov radiation.

IV. Conclusion
1. The deflection coefficient for the electromagnetic wave excited by a single

moving charged particle in weakly magnetized plasma is the same as it is in free plasma:
2

P=g, =1-— Wehave n? <1, even n? <0,wheno, >0.
o

n

2. Therefore, in the plasma, both free plasma and weakly magnetized plasma, there
is no Cherenkov radiation,

3. We believe that this conclusion is also valid for strong magnetized plasma. To
prove it, the mathematical manipulation becomes more complicated.

So for plasma Cherenkov device, it is necessary to have dielectric load, besides the
plasma filling.
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Theory of Waveguide System for Microwave Plasma Excited Excimer Laser

Abstract: Theory of wave propagation along a rectangular waveguide filled with an annular
plasma column in the center is presented in the paper. This waveguide system might be a good
candidate for microwave plasma excited excimer laser.

L. Introduction
Microwave plasma excited excimer lasers may form a new area of Microwave Plasma Electronics.
There are a lot of advantages when the microwave plasma is used for excitation of the excimer lasers.!!
Variety of waveguide systems have been tested to excite excimer laser, cylindrical and elliptical
waveguides, for example. The rectangular waveguide may another or even better choice, for rectangular
waveguide is a commonly used one, it is very convenient to be coupled or connected with the whole
waveguide system and with the input/output. The efficiency and the costs of the excimer laser by means of
rectangular waveguide, therefore, should be better than the others.
4 However, theoretical analysis that may be helpful and useful for the design and better understanding
of the rectangular waveguide microwave plasma excimer laser did not appear in published papers. It is on
purpose to work out a theory for the rectangular waveguide system for microwave plasma excited excimer
laser, as shown in Fig.1. A dielectric tube filled with plasma is in the center of a rectangular waveguide. RO,

R1 is the inner and outer radius of the tube, respectively. &,, &£, and &, is the dielectric constant of the

vacuum, dielectric and plasma, respectively. If there is axial magnetic field, &, should be a tensor: £ P

LAY A y
&
Ry Ro /'/
£ D
0 £ . p X
Fig.1

An analytical theory of the waveguide system shown in Fig.1 has been worked out. The dispersion
equation, the field components in the interaction (excitation) region, (0 < R < R) are calculated. The

theory can be used in the design of the excimer laser. The paper is organized as follows: section 1 is
introduction, section 2, and section 3 deel with the theory of the waveguide without axial magnetic field

(B, =0). in section 4 ,the theory with the axial magnetic field taken into consideration is given. The
numerical calculation is given in section 5, and the section 6 is conclusion.

IL Theory of Rectangular waveguide system for microwave plasma excitation of excimer laser
(without magnetic field)
Theoretical study of the rectangular waveguide system shown in Figl is presented in this section. At

moment we assume that there is as magnetic field B, =0 then in the plasma, as well as that in vacuum

region, the TE made and TM mode are independent.
In the vacuum region of the waveguide, i.e. the region outside the dielectric tube, we have:

E =- 'w(ﬂ)co{——m” x) sin(ﬂ y)
x =7 b a b
L (mxN . (mx nrx

E = jw(—)sm(—— x)cos(— y]
a a b

E.=0 (1)

jk_(mn) ) (mzt J (nrr )
= —==2| —— Isin| — x |cos| — y
M \ a a b

Ry




for TE modes,

for TM modes.

el el ()
2 2 2
7| (m n mr nx
H =-—/|—| +| = |cost —x |cos| — y
’ .uo[[a) [b):’ (a ) (b J
ik (
E = —j—k: m”)cos(ﬂ x)sm(ﬂE y)
& \ a a b
. ( *
E = —& n”)sm(ﬂ chos(ﬂ yJ
g\ b a b
r? l:(m)z (n]zJ . (mn’ J . (mr )
E.=—|| =1 +| = Isin| —x |sin| — y @)
Tog|\a b a b
, (mt) ) (mn' ) (mr )
H, = jo| — |sinf —x |cos| — y
b a b
. (mx mzx nrw
H, = —Jw(——)cos(—x)sm( J’)
a a b

H. =0

In the dielectric tube region, including the plasma region, the field components should be expressed in
cylindrical coordinate system (7,6, z ). Then, within the dielectric tube wall, we have: (R, =r<R)

for TE modes, and

E, =—_]——[AJ (pr)+ 4,N,(pr)fsinip
E, = —jaJp[A,J, (pr)+ 4,N, (pr)]coquJ
E, =0
& . :
= ——p[A,Jt (pr)+ 4,N, (pr)]coslq) €)

H, = '77( )[A J.(pr)+ 4N, (pr)fsinlp

0

H. = —Z—[A,J, (pr)+ AzNe(pr)]cosI(p
0

E =- [BJ (pr) +B,N, (pr)]cosl¢
( )[B,J,(pr)+ B,N,(pr)lsinlg
E = e [BJ (pr)+B N (_pr)]coslq) (4)

H, = ja{;][B,J, (pr)+ B, N, (pr)lsinlg

H, = ~jap|B,J, (pr)+ B,N, (pr)kosio
H, =0




for TM modes. Where

p* =k, -k.?) S ®
In the plasma region, (0 £ R < R,)), we have:
Ew = —ja,pleJl’(ppr)
E.=E =0
H, = ———ppD J/(p,r) ©6)
P 2
H, =—#—P0D,J, p")
H,=0
for TE mode, and
J
B, == 2D (pr)
p.?
E,=2-D,J(p,r) %)
0€o
Hv = -jappDZJI’(ppr)
E,=H,=H, =0
for TM modes, where:
ppz = (kzgp —k:z) (®
2
7] .
g, =(l— w”; J ©)
The boundary conditions are as follows:
r=R: E!=E", Ho' =H)" (10a)
r=R,: E'=E", Hp" =H," (10b)

For excimer laser application, we only need to study the TM modes, similar approach can be used for
TE modes. The by using e.q. (2).(4) and e.q. (7), we get:

NEANERIN ( )_p2
|| =7 |*| 37 sin(K cos@)sin|K " sin @ —Z[B,Jo(pR,)+BoNo(pR,)] (11)
(ﬁbz)sin(K cos q))cos(K “sin (o)cos P+ (M) cos(K cos ¢)sin(K “sin ¢)sin @ )
, a ~ (12)
= P[BxJo'(PRl )"’ BzNo'(PRl )]
PB.Jo(PRy)+ B,Ny(PR)] = p,D,Jo(P,R,) (13)
and
2 2
‘f—[BxJo(PRo)‘*'BzNo(PRo)]:%‘DzJo(PpRo) (14)
D r

After straightforward mathematics manipulations, we obtain the dispersion equation:

m2 r)2 /9 . pz B
g[:z' '*‘-I;TJE;J,(Kl )]:(Kx )= B, ;‘;':Jo(PR,)+ —'fNo(pR, )] (15)
where: :




B=Y %(% +-Z)ZS:(_1__ )J‘T(K,)JS(KI')
: [J (pR, )+ 5 (o )]

B f:ﬁ Jo(ppRO)lo.(PpRo)‘ p Jo(PRo)lol(ppRO)
) ) ) a7n

22wl b 8)- 7 Jo(p,,mcp,,m}

The field within the plasma can also be found:

, [ (PR)+ 2 Ny{pR,)
rl |

D, =B — 5 (18)
80

(16)

~

p [
Pz JO \pp RO )

p

Substituting of eq. (16)-(18) into (7), we obtain the most important field component: E. in the plasma
TEEIOH

i [J (pR, )+—~N (pR, )J
E,=Bp (p T Ylerr) (19)

If we neglect the influence of the dielectric wall of the tube, the dispersion equation reduced to:

Z(g"'g’)'(}lj)‘]:(Ko)'js(Ko.): PpDz‘Jo‘(PlRo) -(20)

=2 I }I(K)J @1

It can be seen that since the Bessel function J, (x) is a converging function, so it may just take few terms
for m. n, and 5. Note, that X and X" also are dependent on m and n, respectively.

where:

II.  Theory of magnetized plasma filling
Now we can study the case where an axial magnetic field B, exists. In the magnetized plasma filling

case, the dielectric constant £ » becomes a tensor:[ ]
& -¢& 0
E,=|&, ¢ 0 (22)

where:

£y = ——2 (3)



] @ . '
g=2ry 2%, s g (24)
(1] @ @

@, is the plasma frequency, @,, is the cyclotron frequency, 7 o is the effective collision frequency.
In this case, the TE and TM mode are always coupled to give hybrid modes. Therefore, we have:

E, = 4J,(pr)+ 4,7, (p,r) - (25)
H. = AhJ,(pr)+ 4,10, (p,r) (26)

where p, p, are two eigen values:
Py = % a+c)t [(a +c) - 4{ac-bd)}2 @7

a= (— k' +ks, )es /€,
b=-k.ou, &, /¢
c=-k’ +k2(g,2 +£22)/e, (28)
d =k.we,,8, €,
and
(kzgx ‘k:z)i:‘z‘ —pl.22

= ‘ | @
Pz —ouk. £, & 2

A,, A, are constants
In eq.(25), (26), we also limit our study on symmetrical case, it is the desired mode for excimer laser.

By using E. and H_ we can find all field components:
£, = >t kK pds o)+ 4,2, (o)
ook [ pJy o)+ Aoy, (por))
E, = 715 fe.k2[4,0,0, (5r)+ 40,0, (pyr)|+
jou K [AhpJ; (pr)+ Aih, pod, (0,7}
H, = %{—w&osxkf [Alp,Jo'(p,r)-'- 4, p,Jﬂ'(pzr)]—
JkK |4k pd, (pir)+ Ay py, (0,))
H,= —lD- {— jowe, (::,K2 -k’ IA,leo'(p,r)+ Azszo'(pzr)]+

k:kgz[Alhlpl‘lo'(plr)+ AzthzJo.(Pz")]}

(30

" where

D=K'-k,'
K=k -k’ 31

2
2 2
k' =k’s,, &, =|g)
By using the boundary conditions:
r=R,: E.=F, H,=H (32)

b3
-

We can find:




7 [ m? +n2
g \a? b?
i

4, =-(h2 "hl)Jo(PRo)(h2+1)ZJS(K)]S(K') (33)

z(m' n’
2t
4o Go\a b
A \
(hz ‘hx)‘]o(PlRo)
Then, the most important field components E_ is:
3

E. - ”_('Z_z+;T]—l-zj,m(x'){-&”ﬂ%(pxr)+MJ0(N>} o5

(r, +12., (kV.(x) (34)

€o (hZ-hl) Jo(P|Ro) Jo(P Ro)

The existence of axial magnetic field may be helpful for ionization.

IV. Numerical calculatior (to be carried on)

V. Conclusion

Rectangular waveguide might be a good candidate for microwave plasma excited excimer lasers. A
theoretical study on a rectangular waveguide filled with an annular plasma column in the center has been
worked out for both unmagnetized and magnetized plasma filling. The dispersion equations and field

components, in particular the E. at the plasma region where excimer laser excitation occurs, have been

obtained. The theory may be of significance for understanding and design of a rectangular waveguide
plasma excimer laser, and the basis of future theoretical study of the Microwave gas discharge processes in
the tube located in the outer of the waveguide.
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A proposal of 2 new construction of
Rectangular waveguide Microwave piasmz Excited Excimer Laser

Work plan (proposal)
1. Theoretical and experimental study on Excitation (input) of Microwave power aimed to microwave
the efficiency; (for original mode and proposed mode)
2. Theory of Microwave Discharge.
3. Theory of laser excitation.




